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Abstract
This Ph.D. study investigates the adsorption of monomeric (isostearic acid, ISA) and oligomeric fatty
acids (poly(hydroxystearic acid), PHS 1400 and PHS 3500) to nanoparticles of industrial interest in
carriers with different solvent properties. It was found that it was necessary to apply a number of
methods to study the adsorption and subsequent stabilisation of the particles by the dispersing
molecules, namely adsorption isotherm methods, rheological techniques, atomic force microscopy and
UV/vis spectroscopy. The particles (surface) studied consist of uncoated titania and a commercially
available titania coated with a combination of alumina and silica. The use of gel permeation
chromatography (GPC) to study the adsorption behaviour of polydisperse dispersants provided
information not only about the amount of the dispersant adsorbed to the surface, but also the
preferential adsorption of low molecular weight components. The displacement of large molecules by
smaller ones could be monitored in order to gain insight into the types of adsorption mechanisms at
work. It was found that small molecules were unable to fully displace their larger counterparts,
suggesting that there was more than one adsorption mechanism in effect. This was supported by the
adsorption study of one of the fatty acid dispersants which was esterified with methanol to remove the
acid functionality. Adsorption at the particle surface still occurred, but at a much reduced rate. The
preferential adsorption of the smaller molecules was also found to be largely eliminated.
Adsorption isotherms showed Langmuir-like adsorption behaviour of the molecules to the surface,
probably through a combination of acid-base interaction and other specific interactions between
surfactant molecule and surface. Adsorption of the dispersant molecules at the particle surface was
found to vary with solvent properties reflecting the equilibrium which is established between solubility
of the dispersant in solution () and that adsorbed on the surface () as a result of adsorption affinity
(s). Steric layer thickness  could be varied by altering dispersion medium (and hence solvency of
the stabilising chain) and by altering molecular weight of the surfactant. This had a significant effect
upon the bulk properties of the suspended particles measured by rheological methods. For optimised
dispersion performance with high solids load at low viscosity whilst maintaining descrete dispersed
particles, as determined by assessing the optical properties of the suspension, the stabilising layer
required is dependent upon the particle type and size: small particles require small steric layers. It was
found that some degree of polydispersity was important for the oligomeric fatty acid dispersants.
Although good adsorption characteristics were observed for the monodisperse monomeric dispersant,
adsorption appeared to be optimum for the 1400 Mw oligomeric which had a high proportion of low
molecular weight components as well as larger molecules present. Removal of the low molecular
weight components from PHS 3500 resulted in interactions measured by AFM that appeared to
indicate bridging behaviour due to reduced packing efficiency.
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1. Introduction
1.1 General Introduction
The mechanisms of colloidal particle interactions are of interest to a number of industrial
processes. Their influence may be witnessed in many aspects of life, including the behaviour
of clay particles, emulsions such as milk (liquid in liquid) and foams (gas in liquid), aerosols
of solids in gases (smoke) and liquids in gases (fog and sprays). It is the dispersion of solids
in liquids (dispersions), which includes paint and ink pigment that are of particular interest in
this study.
In order that concentrated dispersions of solid particles in liquids may be prepared, the forces
that introduce instability to the suspension and cause the particles to be attracted to each other
must be overcome. All molecules experience intermolecular interactions that are
electromagnetic in origin and which collectively contribute to the total van der Waals
interaction between molecules. These attractive forces arise in a variety of ways: fluctuating
dipole-induced dipole (London dispersion) forces; permanent dipole-permanent dipole
(Keesom) forces; permanent dipole-induced dipole (Debye) forces.
Dispersion of fine particle inorganic powders generally requires the addition of a dispersant,
often a polymer, to allow the formulation of an optimised product. Choice of dispersant
depends upon particle surface properties and nature of the carrier, but must also take into
account the end-application in order to maintain performance. Formulators need to
incorporate the particulate actives into an emulsion, mousse or gel with due regard to
aesthetics, stability and rheology.
The techniques employed to overcome instability in a suspension of colloidal particles
depends to some extent upon the continuous phase of the system. In aqueous suspensions
electrostatic forces may be used to overcome van der Waals attractive forces. This exploits
the fact that the particles in most colloidal dispersions in aqueous media carry an electric
charge, which results in the electrostatic interaction of particles arising from an electrical
double layer surrounding the particles. Surface charge may arise due to the ionisation of
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surface groups which, depending upon the nature of the surface and the pH of the solution
will be negatively or positively charged. Instability of the suspension will occur when the
magnitude of the charge is insufficient to overcome attractive forces, caused by the pH
approaching the point at which the net surface charge disappears altogether (the isoelectric
point (iep)), or by the presence of high concentration of electrolyte ions.
The charge at the particle surface may also be controlled by modification of the surface by ion
adsorption. The unequal adsorption of oppositely charged ions to the surface will result in a
positively charged surface or a negatively charged surface, again influenced by solution pH
and electrolyte concentration.
Surface adsorption of polymers can be used to envelope the particles in a protective sheath,
the thickness of which is sufficient to prevent the particles from approaching close enough to
each other for attractive forces to dominate. Steric potential arises as a result of entropic and
enthalpic effects, controlled by solvent conditions and the attraction of the polymer to the
particle surface.
In cases where colloidal dispersions consist of both hydrophobic and hydrophilic phases, such
as emulsions of oil and water or dispersions of hydrophilic particles in organic solvents, an
agent that is active at the interface of the phases is required. This surface-active agent, or
surfactant, reduces the interfacial tension allowing the phases to mix. In this way, hydrophilic
particles can be dispersed in oils and the structure of the surfactant is chosen to confer
stability to the system either by a combination of electrostatic and steric interactions when
ionic surfactants are used in water or by steric interactions in non-aqueous media or in water
using non-ionic surfactants.
An understanding of the way polymeric molecules and emulsifiers work in the stabilisation of
concentrated colloidal slurries is of importance for a wide variety of applications, including
inks and paints, cosmetics, pharmaceuticals and agriculture. Insight into the effect of
molecular structure upon the efficacy of the dispersant will allow future development in this
area. It is therefore important to establish the techniques required to determine the state of the
dispersion and the mechanism by which stability is achieved.
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Ceramic powder particles such as barium titanate, nickel powder and activated carbon are
used extensively in the electronics industry (Martínez-Cisneros et al 2007; Schaefer and
Forster, 1989; Gerson and Jaffe 1963). In ceramics applications a high solids loading is
beneficial as it leads to high end product performance through improved Green body
properties and sintered final product. In order to maximise solids load it is necessary to
provide optimum stability to the dispersed particles by incorporation of a dispersing aid. In
addition, the drive to reduce the size of components in electronics applications requires the
reduction of powder particles, requiring enhanced dispersants that can deal with the additional
stability problems presented by these nanoparticulates. This requires a detailed knowledge of
nanomaterial properties and the activity of dispersants to reduce agglomeration leading to a
more uniform distribution of particles for such applications.
The particles chosen for investigation in this study are uncoated rutile titania and surface
modified rutile titania. A major application for TiO2 is as a pigment in paint, plastics,
cosmetics, papermaking, and pharmaceutical industries due to the high refractive index and
consequent good visible scattering properties. The paint industry is the largest end-use sector
for TiO2, accounting for 2.9 M tonnes or 59% of global consumption in 2007 (Adams, 2007).
Particle instability and aggregation can seriously affect the properties upon application and
storage stability of the paint. A fully dispersed and stabilised pigment system brings out the
optimum colour properties of the pigment in terms of colour strength, gloss, transparency, and
rheology (Tracton, 2001). It is therefore important to understand the processes involved in
the stabilisation of pigment dispersions and the polymemeric materials used (Patton, 1979).
Inorganic fine particle dispersions such as titanium dioxide provide very effective and broad
spectrum protection against harmful UV radiation and the benefits of a pre-dispersion of
inorganic sunscreens are widely acknowledged (Akio, 2007; Wolf, 2001). Their ability to
absorb and scatter UV radiation depends critically upon their particle size and size
distribution. This relationship between light attenuation and particle size has been the basis of
the development of inorganic sunscreens containing TiO2, offering broad spectrum coverage.
Simple mixing of the inorganic powder is often insufficient to produce a dispersion with the
practical (UV attenuation) and aesthetic (visual and skin-feel) properties required of cosmetic
suncare products. It requires an understanding of the nature of colloidal stabilisation in order
to optimise this predispersion and exceed the performance of powder-based formulations.
Chapter 1 Introduction
______________________________________________________________________
Page 30
Sunscreen development has largely focussed on providing good protection against UVB
radiation which is responsible for the erythema effect observed as sunburn and is considered
to be the main cause of basal and squamous cell carcinomas as well as a significant cause of
melanoma (Lowe and Freelander, 1997). Early inorganic sunscreen dispersions attenuated
well in the UVB region, with some coverage through UVA and still a relatively high degree
of visible attenuation (compared to transparent organic UV filters). More recently,
dispersions have been developed to maximise UV attenuation whilst minimising visible
opacity to produce an effective, cosmetically elegant sunscreen that appears transparent on the
skin. This has been achieved by carefully controlling the particle size and particle size
distribution of the TiO2 during manufacture and dispersion of the particles. As a consequence,
improved cosmetic aesthetics has been at the expense of UVA protection. UVA radiation has
until recently been considered to be relatively harmless, responsible largely for the wrinkling,
leathering, and other aspects of "photoaging" of the skin. It is known that UVA rays penetrate
the skin, distorting the structure of cells, elastin and collagen (Kligman and Kligman, 1997).
The cumulative damage is irreversible and can go undetected for years. In addition, recent
studies have shown that prolonged exposure to UVA rays greatly contributes to melanoma
(Moan et al, 1999; Garland et al, 2003).
Uncoated TiO2 may be easily dispersed in aqueous media, but for industrial applications
inorganic oxides and/or organic molecules are used to coat the particles by precipitation on to
the surface. This helps to control the photocatalytic behaviour of TiO2 and makes the
particles more easily dispersable in non-aqueous media, although reduction in refractive index
and consequent poor spectral performance needs to be carefully balanced with improved
photostability. Silica is often used to as a coating as it can provide an effective dense coating
to the surface. Alumina is also used, often in combination with SiO2, which improves
dispersibility. Al2O3 tends to be patchy and so is not often used on its own. A hydrophobic
coating, such as stearate prevents hard aggregation of particles during the powder drying
process following hydrolysis of TiCl4 to produce TiO2 crystals. This aggregation can be
irreversible, forming a hard cake with poor texture. The organic coating allows the
production of well defined powder with good dispersing properties and improved spectral
performance.
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1.2 Project Objectives
The objective of the work described in this thesis was to use characterisation of dispersion
properties to determine suitability of dispersing agents, taking into account particle type and
size of particle, particle concentration, and solvent properties. This study will examine
various techniques for the investigation of colloidal interactions and stability and their
suitability will be determined by comparison with theory and with each other. In this way a
dispersion can be optimised so that discrete nanoparticles can be maintained throughout the
manufacturing/processing of formulated preparations and into the final applications,
providing a framework for future industrial applications.
In order to achieve the aims of the project, a dispersion of uncoated rutile TiO2 particles in
low molecular weight organic solvents was investigated as a model system. In addition, an
industrially relevant grade of TiO2 was examined. This was a larger rutile TiO2 particle
coated with a hydrophilic silica / alumina coating which was dispersed in cosmetic emollient
solvents. Dispersing agents commonly used in industry for the preparation of stable
dispersions for a variety of applications were studied and the dispersion characteristics at
different dispersant concentrations and solids loading were examined. This combination of
solvent properties, particle size and surface characteristics, dispersant molecular weight and
concentration was used to provide strong indications as to how the surfactants investigated act
as dispersants and how their properties could be optimised to give the desired effect.
The following key aspects were addressed:
• Effect of solvent properties upon the adsorption process and consequently the
stabilising layer provided to the particle.
• For a fatty acid type dispersant, determine how the molecular weight affects dispersion
properties and how this is affected by suspended particle size. This needs to consider
the effects of molecular weight distribution and preferential adsorption of these
particular surfactant systems.
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• Evaluate dispersion properties using a number of methods to study the adsorption and
subsequent stabilisation of the particles by the dispersing molecules to provide an
integrated approach to characterisation.
• Identify the key aspects of dispersant demand and solids loading using rheological
techniques and relate this information to theory.
• Relate studies of adsorption mechanisms and rates in the different environments with
rheological and particle size (UV/vis) methods to provide information for the
optimisation of dispersion properties.
• Study interactions between surfaces by direct force measurement to identify the
specific aspects of particle stabilisation and the effects of molecular weight and
molecular weight distribution of the dispersant.
• Relate the above measurements with the optical characteristics of the dispersion as a
measure of the degree of flocculation of the system.
1.4 Thesis Outline
A background review of the issues involved in the dispersion of nanoparticulates and the
techniques employed to determine the physical properties of the dispersions is presented in
Chapter 2. This includes the nature of the interparticle forces at work and how attractive
forces may be overcome so that a stable suspension may be produced. The characterisation
techniques covered is limited to those employed in the current study.
The materials used in the study are described in Chapter 3. The experimental procedures
used in measuring dispersion properties are also described. These techniques are broken
down into adsorption isotherm determination, rheological measurement, atomic force
microscopy, and UV/vis spectrophotometry.
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Results of characterisation of dispersants and particles/surfaces are presented in Chapter 4.
The main body of the experimental results are presented and discussed in Chapter 5. The
affinity of the dispersants for the particle of interest was evaluated by adsorption isotherm
determination. This provided information regarding the chemical nature of the polymers and
how they were able to interact with the particle surface in different solvent conditions.
Adsorption isotherms were performed using the standard techniques, where the amount of
polymer adsorbed is calculated from the difference between the amount of polymer in
solution at the beginning of the experiment and at the end of the experiment. The methods
used to determine dispersant concentration (acid value titration and size exclusion
chromatography) provided insights into the way the molecules of interest interacted with
particle surfaces. The isotherms produced showed Langmuir-like adsorption behaviour of the
molecules to the surface, probably through a combination of acid-base interaction and other
specific interactions between surfactant molecule and surface (e.g. hydrogen bonding, van der
Waals interactions). Adsorption of the dispersant molecules at the particle surface was found
to vary with solvent properties reflecting the equilibrium which is established between
solubility of the dispersant in solution () and that adsorbed on the surface () as a result of
adsorption affinity (s).
Dispersion mechanical properties were optimised with the help of rheological steady state and
oscillatory methods. Steric layer thickness  could be varied by altering dispersion medium
(and hence solvency of the stabilising chain) and by altering molecular weight of the
surfactant. This had a significant effect upon the bulk properties of the suspended particles
measured by rheological methods.
Atomic force microscopy (AFM) direct force measurements provided information regarding
interaction distances between surfaces in the presence and absence of stabilising molecules in
different solvent environments. This information was used to evaluate and predict stability.
The effects of solvent properties and dispersant concentration and molecular weight were
examined using UV/vis attenuation of the suspension as a measure of dispersion quality. The
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direct relationship between particle size and UV/vis attenuation properties can be used to
determine the degree of aggregation and consequently the relative stability of the system.
The major findings of the research are summarised in Chapter 6 and recommendations to
Croda based on the findings of this work are provided.
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2. Background: A review of the underlying
principles and methods that have been studied
and utilised in this work
2.3 Introduction
This chapter presents a review of previous and recently published work relating to the current
project aims. This review is focussed on the interaction forces at work and how the control of
these forces may be approached in the dispersion of colloidal particles for application in a
variety of areas. Also reviewed are some of the techniques by which these effects may be
characterised.
2.4 Particle Interactions
For the production of colloidal dispersions that are not only stable, but also display the
physical attributes required of the suspension for its particular application, it is necessary to
understand the nature of interparticle forces and how they affect dispersion properties, and
also how these interactions can be controlled to provide stability. Interparticle forces may be
divided into three main types which account for both attractive and repulsive forces.
2.4.1 Van der Waals Forces
The interaction of colloidal particles may be attributed to the summation of the interactions
between individual molecules in the particles. All molecules experience intermolecular
attractions (Israelachvilli, 1991). These attractive forces arise in a number of ways and may
be broken down into:
Dispersion forces were described by London in 1930. The electron distribution in an atom
fluctuates continuously creating an instantaneous dipole. At close separation the electrical
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dipole in one molecule will set up an induced dipole in an approaching molecule and hence
they attract each other. As long as the molecules stay close together the polarities of a
number of molecules will fluctuate in synchronisation so that attraction is always maintained.
London dispersion forces are always present between atoms and molecules.
Dipole-dipole interactions were described by Keesom in 1912. This describes the attractive
interaction between molecules with permanent dipole moment caused by the partial charges
on the atoms in the molecules that arise from differences in electronegativity of bonding.
Debye interactions are dipole induced dipole forces that involve the temporary polarisation
by a molecule with permanent dipole of a non-polar molecule and subsequent attraction.
These three forces collectively contribute to the total van der Waals interaction between
molecules. The attractive energy between two molecules is a short-range interaction inversely
proportional to the sixth power of their separation. For molecules the attractive energy VA is
given by:
6
1
H
VA  2.1
where H is distance between atoms or molecules.
For spherical colloidal particles (containing groups of molecules) the net force between the
particles is of much longer range and its magnitude is directly proportional to the particle
radius a and its nature determined by the Hamaker constant A, the magnitude of which
reflects the strength of the van der Waals attractive force (approx. 10-20 J for rutile TiO2
(Ackler et al 1996)), and is inversely proportional to the distance between the particles (D).
For particles VA is given by (Eastman 2005):
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This relationship is often simplified to:
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D
AaVA 12
= 2.3
when D<<a.
The van der Waals force between dispersed bodies is dependent upon geometries of the
macroscopic bodies involved and upon the medium in which they are dispersed. The
presence of a fluid in the space between particles reduces the attractive force. In this case, a
composite Hamaker constant, AC, can be used:
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where A11 is the Hamaker constant of the dispersed material and A22 is the Hamaker constant
of the intervening medium.
2.4.2 Electrostatic Forces
The particles in most colloidal dispersions in aqueous media carry an electric charge.
Surfaces may become electrically charged by the ionisation of surface groups when acidic or
basic groups at the surface dissociate to give negatively or positively charged surfaces
respectively. The magnitude of the surface charge depends upon the concentration and
pKa/pKb values of the surface groups and on the pH of the solution. The pH at which the net
charge (and electrophoretic mobility) is zero is the isoelectric point (iep). Ion adsorption may
also result in surface charge when the unequal adsorption of charged ions to the surface
results in a positively charged surface or a negatively charged surface. In some cases, the
surface will acquire a charge in the event of unequal dissolution of the oppositely charged
ions of which the particles are composed. In the case of AgI for example, silver ions will
dissolve preferentially resulting in a negatively charged surface.
The Gouy-Chapman model of the electric double layer resulting from the surface charge of
the particle is schematically represented in Figure 2.1(a). This consists of an inner region at
the surface which may include adsorbed ions, balanced by an equal charge in the liquid phase
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and a diffuse outer region consisting of ions distributed according to electrical forces and
random thermal motion.
(a) (b)
Figure 2.1 Schematic representation of the electric double layer: (a) ion charge
distribution; (b) electrical potential with distance.
The energy-distance curve (Figure 2.1(b)) shows an exponential decay in charge magnitude,
the extent of which depends upon the double layer thickness 1/	. If the electrical potential is
0 at a flat surface and  at a distance x from the surface at low electrolyte concentration then
potential decays exponentially according to the Debye-Hückel equation (Hiemenz &
Rajagopalan, 1997):
[ ]xo "" = exp 2.5
The thickness of the double layer (1/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where 
 is permittivity, k is Boltzmann’s constant, T is temperature, e is the electronic charge,
ni is the number of ions per unit volume, Zi is the valency of the ionic species. Thus, the
Debye length can be seen to be determined by solvent electrolyte valency and concentration.
It is the interaction and mutual repulsion of similarly charged double layers which provides
stability to the system. As the two charged surfaces approach each other, the double layers
overlap and the electrical potential between the surfaces increases (Figure 2.2), resulting in
repulsion of the surfaces. Also, as the two charged surfaces approach, the ion concentration
between the surfaces increases, generating a greater osmotic pressure, contributing further to
stability (Israelachvilli, 1991).
Figure 2.2 Overlap of two double layers at a distance D apart showing the total potential
(full line) to be the sum of the two individual electrical potentials.
The electrical repulsive energy (VR) arising from the double layer overlap can be calculated
by:
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where k is the Boltzmann constant, T is the absolute temperature, a is particle radius, n is the
number of ions per unit volume,  is the reciprocal of the double layer thickness, D is the
separation between two spheres,  = tanh(eo/4kT), where e is the electronic charge and o
is the surface potential.
2.3 Stabilisation
2.3.1 Electrostatic Stabilisation - DLVO Theory
In aqueous and highly polar media, particle stability may be achieved by exploiting
electrostatic interaction forces. For monodisperse particles of the same type in a concentrated
dispersion, particle stability is explained by DLVO theory (Derjaguin & Landau, 1941;
Vewey & Overbeek, 1948). The total potential energy of interaction (VT) arises from the
energy resulting from van der Waals attractive forces (VA) and the energy associated with
electrical double layer forces (VR). 
 
RAT VVV += 2.8
When particles approach one another there is an increase in attractive and repulsive forces.
Repulsive forces increase more slowly and there is an increase in attractive forces, resulting in
a weak secondary energy minimum. Repulsive forces become stronger as the electrical
double layer of the particles overlap and further approach is inhibited. At a critical distance
attractive forces dominate strongly and a primary energy minimum is encountered resulting in
irreversible coagulation (Figure 2.3).
Stability may be achieved by avoiding entry into the primary minimum region by charging the
surfaces. This can be achieved by controlling the pH of the system at some distance either
above or below the iep of the particles. Alternatively, the addition of an ion to the surface can
modify the surface properties and the iep, resulting in electrostatic stabilisation over a
different range of pH values. This will also have the effect of preventing the particles from
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approaching close enough to each other to enter the primary minimum and irreversibly
coagulating (electro-stearic stability).
Figure 2.3 Potential energy profile as a result of interparticle distance for
electrostatically stabilised particles. VS is the energy resulting from solvent forces.
At low ionic concentration, the double layer repulsive force is long-range and electrostatic
interactions occur at large distances of separation. This results in an effective particle radius
much greater than that of the core particle. As the ionic strength increases, the thickness of
the double layer decreases rapidly and it is the electrolyte concentration, as well as the charge
on the particle which affect the range of the repulsive force and hence the stability of the
system to flocculation. At a critical ionic strength (the critical coagulation concentration
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(c.c.c)) the energy barrier disappears and the particles can irreversibly coagulate. According
to the Schultz-Hardy rule (Schultz, 1882; Hardy, 1900), the c.c.c of a dispersion is determined
largely by the valency of the counter-ion of the electrolyte.
In low-polarity media, including many organic solvents, stabilisation by electrostatic means is
not possible and it is necessary to use alternative techniques to overcome attractive
interactions.
2.3.2 Steric Forces
Dispersion stability may be achieved by adsorption of surfactant and/or polymer molecules on
to the particle surface, forming a protective sheath around the particle of thickness . As
colloidal particles approach at a distance of < 2, the adsorbed polymer chains will overlap
and hinder the closer approach of the particles. Steric potential arises as a result of entropic
(elastic term, Vel) and enthalpic (mixing term, Vmix) effects (Figure 2.4).
elmixster VVV |+= 2.9
Figure 2.4 Protective action of adsorbed macromolecules of sterically stabilised particles
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The elastic contribution arises when particles collide, causing a loss of conformational
entropy of polymer chains. This results in a decrease in entropy and an increase in free
energy and subsequently enhanced stability. Vmix arises if the adsorbed layers interpenetrate
and a local increase in the concentration of polymer segments results in an increase in osmotic
effects causing solvent to diffuse into the region between the surfaces to reduce polymer
segment concentration. The steric interaction energy Vster can be estimated from (Fischer
1958):
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where k is Boltzmann’s constant, T is absolute temperature,  is total adsorbed amount, NA is
Avagadro’s number, vp is the specific partial volume of the polymer chains, Vs is the molar
volume of the solvent molecules,  is the Flory Huggins parameter, which is a measure of the
preference of polymer segments to be next to solvent compared to other polymer segments
(Flory, 1953). In good solvent conditions ( < 0.5) Vmix is positive and interaction of polymer
chains is repulsive. In poor solvent conditions ( > 0.5) Vmix is negative and attractive
interaction takes place and interpenetration of the polymer chains is favoured (Tadros, 1996).
This equation is a simple model and there are other, more detailed theoretical approaches that
describe these interactions, such as those detailed by Napper (1983), de Gennes (1980), and
Scheutjens & Fleer (Fleer et al, 1993), but equation 2.10 contains much of the important
physics.
As can be seen in Figure 2.5, the energy distance curve for sterically stabilised systems
consists of only one minimum, Vmin, which occurs at particle-particle separation distance of
twice the adsorbed layer thickness . At this point the adsorbed layers begin to overlap and a
very steep repulsion occurs, preventing further approach. Polymer chains will only
interpenetrate to the point where interpenetration is prevented by elastic repulsion and entry
into a deep primary minimum is made virtually impossible by steric interactions.
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Figure 2.5 Interaction energy diagram for sterically stabilised particles.
The total interaction energy, VT, of a sterically stabilised system is a combination of steric
repulsion, Vster, and van der Waals attraction, VA:
AelmixAtersT VVVVVV ++=+= 2.11
From the contribution of factors to the terms for Vmix, Vel, and VA, the total free energy of
interaction of particles with adsorbed layers of surfactant or polymer is dependent upon
adsorbed layer density , adsorbed layer thickness  (which is determined by the average
number of segments per loop or tail of adsorbed chains (if present, which depends upon the
configuration adopted by the polymer adsorbed at the surface (see section 2.4), dispersant
molecular weight, adsorption conformation, and can itself be dependent upon adsorbed layer
Vmin
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density), solvent quality which affects solvent-chain interaction (measured by the Flory-
Huggins parameter ) and the dispersant-surface interaction s, the mode of attachment of the
chain, the particle size a, and the Hamaker constant A. When particle type and size remain
constant, Vmin will change with changes in /a (Figure 2.6). At a critical point,  will not
provide sufficient particle separation to prevent Vmin becoming deep enough to result in
flocculation of the dispersed particles. This is particularly the case with concentrated systems
since the entropy loss on flocculation becomes very small and a small Vmin would be sufficient
to cause weak flocculation (Gflocc<0) (Tadros et al, 2004). The free energy of flocculation is
described by:
floccfloccflocc STHG = 2.12
In concentrated systems Sflocc is very small and Gflocc depends only on the average value of
Hflocc. This in turn depends on Vmin which is negative and so Gflocc becomes negative. The
resultant three-dimensional coherent flocculated structure will be a gel with a measurable
yield stress which can be easily redispersed by application of gentle shear.
Figure 2.6 Interaction energy as a function of the relative layer thickness of adsorbed
dispersant.
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2.4 Dispersant Adsorption
A good deal of research has been performed on the stabilisation of inorganic particles in
aqueous environments (and is ongoing) by adsorption of surfactant and/or polymeric
dispersants (Singh et al 2005; Yaremko et al, 2006; Dale et al 1999). Polymer adsorption for
the stabilisation of particles in non-aqueous media is also widely reported (Somasundaran and
Krishnakumar, 1996) and the influence upon the mechanical properties of the dispersion
(Lyklema, 1968; McKay, 1998). Considerable consideration has been given to the adsorption
of block copolymers (de Silva et al, 1990; Currie et al, 2003) and the effect of molecular
weight upon adsorption (Fleer et al, 1993). Studies of fatty acid adsorption have tended to
focus on the effects of molecular weight of monomeric surfactants upon particle stability (Bell
et al, 2005, Doroszkowski and Lambourne, 1978, Bergstrom et al 1992), but the effect of
molecular weight upon adsorption affinity is less well reported.
The suitability of a dispersant for stabilising particles in a liquid depends upon the affinity of
the molecule for the particle surface and the thickness of the stabilising barrier. In non-
aqueous media, stability will be by means of steric interaction of adsorbed dispersant
molecules (although there may be some electrostatic contribution in polar organic solvents
(Ungyu et al, 1998)). An effective dispersant will consist of an anchoring functional group
(or groups) with poor solubility in the medium and a strong affinity to the surface, and a
soluble chain which will be highly extended to provide good steric stability. In some cases
adsorption at the surface will be via many attachment sites located on a long homopolymer
chain (Figure 2.7) or the adsorbing chain of a block copolymer in an ABA configuration
(Figure 2.8) or random distribution of blocks (Figure 2.9). The polymer adopts a dynamic
conformation of loops, tails and trains, the precise configuration being influenced by solvent
conditions and surface-polymer interactions. Alternatively, chains will be end-attached
(tethered) to the surface which will stretch normal to the particle surface. Block copolymers
tend to offer strong adsorption whilst providing good stability (Figure 2.10(a)). Adsorption is
by association of its anchoring group with the surface of the particle, whilst the tail group is
highly solvated ( < 0.5) in the carrier fluid, extending the chains and providing good
stability. Homopolymers with a single functional attachment group may also be employed
(Figure 2.10(b)).
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Figure 2.7 Loop, train and tail adsorption conformation of adsorbed homopolymer with
multiple attachment functional groups.
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Figure 2.8 ABA block copolymer adsorption
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Particle surface
Figure 2.9 Random block copolymer.
(a) (b)
Figure 2.10 End-attached dispersant molecules: AB block copolymer (a); homopolymer
with adsorbing functional group (b)
Titanium dioxide, in common with all other oxide minerals, possesses surface hydroxyl
groups formed by the dissociative chemisorption of water molecules from atmospheric
moisture (Tamura et al, 2001). The density of the surface hydroxyls determines the relative
basicity of the mineral and is reflected in the isoelectric point (iep) of the material in aqueous
solution: high hydroxyl density results in high (basic) iep; low OH density results in low
(acidic) iep. In aqueous environments, the surface charge density on metal oxides is
Particle surface
A
tail
B
loops
Particle surface
Tails
Anchoring functional groups
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established by these surface hydroxyl groups and hence is a function of pH (Hunter 1987).
Electrostatic effects may also be a factor in polar non-aqueous media and in some cases it is
possible to obtain a zeta potential measurement in organic solvents (Labib and Williams,
1984). At pH above the iep, the surface carries negative charge, and below the iep it carries
positive surface charge, with the result that it will tend to adsorb cations at high pH and
anions at low pH. This is common for metal oxide surfaces in aqueous media (Boisvert et al,
2000):
++ &+ 2MOHHMOH
OHMOOHMOH 2+&+

2.13
where MOH corresponds to the metal oxide surface hydroxyl group.
It has been found previously that the interaction of the polar moiety of a surfactant molecule
with the hydroxyl groups on the surface of oxide minerals controls adsorption, dependent
upon the acid-base mechanism between the surfactant and the adsorbent (Somasundaran,
1994). A suitable dispersant for a predominantly basic surface (high iep) may consist of acid
functional groups. These acid groups are able to adsorb at the interface by acid-base
interactions with the exposed hydroxyl groups. Evaluation of surface acid-base properties of
a Ni particle surface in non-aqueous media was used to optimise adsorption of acidic (oleic
acid) and basic (oleyl amine) dispersants to aid subsequent dispersion (Lee at al, 2007).
The important factors for the adsorption of long chain polymers at the solid-liquid interface
include polymer molecular weight (i.e. chain length), polymer volume fraction, adsorption
energy per polymer segment s and the polymer-solvent interaction (Flory-Huggins)
parameter  (Roe, 1974; Scheutjens and Fleer, 1979; Fleer et al, 1993). According to the
Scheutjens and Fleer model, for adsorption to take place the ‘Flory’ surface parameter s must
exceed a critical value; the polymer should have higher affinity for the surface than the
solvent by a critical amount, which is the configurational entropy penalty as a consequence of
polymer adsorption. Adsorption affinity is not an absolute value, but is relative to the
dispersant-solvent interaction. Dispersants in a poor solvent will strongly adsorb to a surface
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even if there is only weak compatibility, while in good solvent conditions the solute is less
likely to adsorb. Adsorption will increase with increasing s.
For adsorption of molecules with multiple functional groups available for coordination with
the surface (i.e. long chain homopolymers and block copolymers), large molecules will have a
higher affinity for the surface than shorter chains. Large chains of N units with a
consequently large number of attachment points can result in a huge energy gain (NkT) at a
relatively modest entropic cost. It is therefore entropically more favourable for longer chains
to adsorb at the interface than it is for short chains. However, the smaller molecules have a
dynamic advantage as the diffusion rate of the larger chain to the surface is slower than that of
the smaller chain which may be able to reach the surface first. This phenomenon was reported
by Cohen Stuart et al in a study examining the adsorption of poly(vinylpyrrolidone) (PVP) on
non-porous silica from water and from 1,4-dioxane (Cohen Stuart et al, 1982). This
competitive situation will lead to displacement of small molecules by their larger counterparts
over time. Results from the same study found that as solubility of the dispersant in the
solvent () decreased, adsorption at the interface was found to increase due to the repulsion of
the polymer from the solvent. The adsorbed amount from a poor solvent shows a strong
dependence on the molecular weight of the polymer, while that from a good solvent has less
effect (Fleer et al, 1993). Lucassen-Reynders (1994) has proposed a model that describes
how surfactants in emulsion systems can be displaced from the interface by smaller molecules
added in sufficiently high concentration, accounted for by the non-ideal entropy of mixing
and of different surface areas occupied by large and small molecules.
An example of a long chain homopolymer dispersant is polyacrylic acid for aqueous
dispersions of hydrophilic particles. The polymer adopts a dynamic conformation of loops,
tails and trains, the precise configuration being influenced by pH (Lee et al, 1996). At pH
above the iep of the TiO2 particle the surface is negatively charged, as is the polyacrylic acid
molecule. It may be expected that long range electrostatic repulsion between polyacrylic acid
molecule and the particle surface would prevent adsorption. It has been found previously that
both positively and negatively charged counterions are simultaneously present at the particle
surface over a wide pH (Boisvert et al, 2000).
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Polyacrylic acid will adsorb strongly on positively charged surfaces by electrostatic forces
and will also adsorb on negatively charged surfaces by electrostatic and other specific
interactions between the polyelectrolyte and surface. These interactions may include hydrogen
bonding and van der Waals interactions as well as acid-base interactions and complexation.
Apparently, the specific affinity of polyacrylic acid for the surface can overcome the
electrostatic repulsion, allowing the polyacrylic to adsorb (Mackenzie, 1986). At low pH the
polyacrylate has a low charge density and adopts a coiled configuration on the positively
charged TiO2 surface. As pH increases the polymer is ionised and the electrostatic repulsion
between charged carboxylate groups on the polymer and the attraction to the positive sites on
the oxide surface causes the polyacrylate to adopt a more stretched out configuration. Even at
high pH (above the iep) when the particle surface is negatively charged and all the
carboxylate groups on the polymer are ionised, the polymer is adsorbed on the surface of the
titania in a stretched out configuration.
Adsorbed layer thickness has been found to increase with molecular weight of polymer in a
way that suggests that polyacrylic acid adsorbs to the particle surface with loops and trains in
the continuous phase (Stenkamp and Berg, 1997). Only a few tails are necessary to provide
steric stability and higher molecular weight polymers are more likely to form loops and tails,
affording enhanced electrosteric stability.
Solvency of the polymer in the solvent will affect the conformation of the stabilising units and
hence . This can be a problem for homopolymers, for which there must be adsorption at the
solid-liquid interface, but also be well solvated. For this reason, block copolymers offer
distinct advantages over homopolymers as they are designed to exist at the interface of
otherwise mutually exclusive phases (e.g. hydrophobic particles in water). Block copolymers
include di and triblock surfactants based on ethylene oxide and propylene oxide (commercial
name Pluronic or Synperonic) used as surfactants in detergents and personal care products
(Glass, 1986) and also for drug delivery in pharmaceutical applications (Smolka 1991; Edens,
1996; Malmsten, 2000). These non-ionic copolymers provide steric stability to aqueous
dispersions and are less sensitive to electrolyte concentration than ionic surfactants, but do
suffer from dehydration of the PEO chain at elevated temperatures and very high salt
concentration, affecting stability. It has been suggested that EO-PO block copolymers are not
particularly suited to aqueous dispersion of particles due to the similarity in polarity and
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solubility characteristics of the constituent blocks (Bouvy, 1996). They are, however, used
extensively for such applications.
For stabilising suspensions in non-aqueous media, such as water in oil emulsions and
dispersion of hydrophilic particles in oil, a surfactant is required with oil-soluble stabilising
chains. An example of such a polymeric surfactant is Arlacel P135, an ABA block copolymer
of polyhydroxystearic acid (PHS) with polyethylene oxide (PHS-PEO-PHS), which offers
excellent dispersant properties (Tadros 1999).
The hydrodynamic layer thickness of block copolymers can be controlled by altering either
anchor or tail block size (or both). Using force-distance apparatus to measure adsorbed layer
thickness of PEO-PS block copolymer adsorbed on to mica in toluene (Guzonas et al, 1991),
it was found that increasing the size of the PS stabilising tail resulted in increased , as
expected. Increasing PEO anchor block caused  to decrease as a result of the increase in
mica surface area taken up by the larger adsorbed groups and reduction in the density and
therefore reduced extension of tails.
Single point attachment homopolymers have previously been used for the dispersion of
particles in non-aqueous media (Tseng and Chen, 2006). These may be of a fatty polyester
type, containing a carboxy group at the end such as poly(12-hydroxystearic acid), or the
amidated salt of the fatty acid, depending upon the nature of the particle surface. In these
cases, the polymeric surfactant is believed to preferentially adsorb on the particle surface via
their polar end, while the hydrophobic tail of the molecules are solvated in the medium and
provide steric stability (Figure 2.10(a)) (Tracton, 2001). The dispersion properties conferred
by the adsorption of fatty acids have been under investigation for some time (Ottewill and
Tiffany, 1967; Doroszkowski and Lambourne, 1978; Frith and Strivens, 1987; Bergstrom et
al, 1992; Yanez et al 1999; Bell et al 2005). In contrast to polymeric surfactants with
multiple attachment points along the length of the chain, these molecules with their single
terminal attachment group will experience preferential adsorption of smaller molecules. The
gain in energy achieved by attachment is equal regardless of polymer chain length, whereas
the loss in conformational entropy is greater for larger molecules. Although generally
referred to as polymeric stabilisers, these dispersants tend to be relatively low molecular
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weight (average Mw ~ a few thousand) and can be more properly referred to as oligomeric.
Such dispersant were employed in the present study.
Dispersant adsorption may be categorised as physical (physisorption) or chemical
(chemisorption) depending on the nature of the forces involved (Somasundran and
Krishnakumar, 1997). Chemisorption involves chemical interaction between polymer groups
and mineral surface sites. Previous studies of the coordination of stearate to alumina coated
titania found that attachment of carboxylate was by chelation to aluminium and titanium at the
particle surface (Egerton et al, 2005; Capelle et al 2003). A study of the interaction between
iron oxide and nitrogenous model compounds revealed that amine and amide nitrogen
adsorbed via two different bonding modes: via Lewis-like acid-base interactions and via
Bronsted-like interactions or protonation (Wielant et al, 2007). Physisorption is a process in
which the adsorbate adheres to the surface only through weak intermolecular van der Waals
interactions, such as the hydrophobic association of surfactant molecule and hydrophobic
particle (Miller et al, 1983). In addition, intermediate cases exist, for example, adsorption
involving strong hydrogen bonds or weak charge transfer.
Other examples of copolymer architecture are represented in Figure 2.11
Cyclic AB diblock ABC triblock
(AB)n star
Figure 2.11 Alternative block copolymer architectures
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2.4.1 Adsorption Isotherms
Adsorption of solutes at the solid-liquid interface is usually described through isotherms,
expressed as amount of adsorbate on the adsorbent in relation to equilibrium concentration in
solution. Adsorption isotherms curves can exhibit different shapes but are generally
composed of three different areas: initially low adsorbate concentration is characterised by
high adsorption rates of isolated molecules. This is followed by an increase in the surface
adsorption density and then by a third plateau region which is independent of the
concentration of adsobate in solution and corresponds to complete surface coverage. The
shape of the isotherm can provide insight into the nature of the adsorption process. For
example, monodisperse homopolymer adsorption isotherms show a sharp transition between a
steep adsorption rate at incomplete surface coverage to a plateau value at full surface
coverage. A polydisperse distribution of polymers is more rounded due to the complete
adsorption of molecules at low concentration, but as concentration increases and the surface
becomes saturated the longer chains in solution are able to displace the shorter chains on the
surface (Cohen Stuart et al 1980).
Adsorption behaviour can often be descibed by the Langmuir model (Langmuir, 1916). The
Langmuir equation can be expressed as (Dogan et al, 2000):
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where Qe is equilibrium adsorbate concentration on adsorbent (mg m-2), Qm is monolayer
capacity of the adsorbent (mg m-2), K is adsorption constant (L mg-1), and Ce is equilibrium
adsorbate concentration in solution (mg L-1). If adsorption follows the Langmuir equation a
plot of Ce/Qe versus Ce should be a straight line with a slope 1/Qm and intercept 1/QmK.
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In this model adsorbate and solvent molecules compete to adsorb on sites on the particle
surface, with each site occupied by either a solvent molecule or an adsorbate molecule. This
model assumes that the solute is reversibly adsorbed as a monolayer, with the absence of
lateral interactions between adsorbed species. In addition, all surface sites have the same
adsorption energy for the adsorbate (solute or solvent) and the activity of the adsorbate is
directly proportional to its concentration. In reality, these assumptions may not be satisfied
with regards to macromolecular flexible polymer adsorbates, whose behaviour is likely to
differ from that of small molecules. Polydispersity is also likely to present problems with
regards to interpretation of thermodynamic variables (Cosgrove, 2005). However, this does
provide an insight into the dependence of surface coverage on concentration in solution and a
lot of polymer adsorption data seems to fit this simple Langmuir model (Tekin et al, 2005;
Bayrak, 2006; Farrokhpay et al, 2004; Besra et al, 2004).
In adsorption studies of stearic and oleic acids on montmorillonite-based filler clay, the
adsorption isotherm indicated the formation of a monolayer on the clay surface at a lower
concentration of the acids followed by formation of multilayers of the acids on the clay
surfaces at higher concentrations. The adsorption of either acid improved the dispersibility of
the clay particles in organic or polymeric media. (Hanaa et al, 2002).
2.5 Solubility Parameters
Solubility parameters may be used to provide insight into the nature of adsorbate-adsorbent
interactions. Dispersion properties can be optimised by careful selection of solvent and
dispersant with reference to relative solubility. As a general rule of thumb, “like dissolves
like” is reasonable guidance, but for better prediction of behaviour, a more complex approach
is required. The solubility parameter (') proposed by Hildebrand (Hildebrand, 1936) is a
reflection of the total van der Waals force of the molecules of a material and is derived from
the cohesive energy density (c) of the material, which in turn is derived from the heat of
vaporisation (H):
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where R = gas constant, T = temperature, and Vm = molar volume. Solubility of materials is
possible only when their intermolecular attractive forces are similar.
The Hildebrand solubility parameter can be subdivided into the three Hansen parameters
(Hansen 1967) comprising a dispersion force component (d), a hydrogen bonding component
(h), and a polar component (p):
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Hansen and Beerbower (Hansen and Beerbower, 1971) developed this approach further and
proposed a stepwise approach such that theoretical solubility parameters can be calculated for
any solvent or polymer based on its component groups. In this way it is possible to arrive at
theoretical solubility parameters for dispersants and oils.
Values for the parameters d, p and h were estimated using values based on the cohesive
components (U) of molecular physical properties and structural combinations for molar
volumes (Vm) and molar attraction (F) compiled by Beerbower (Barton, 1983). An estimate
of the dispersion parameter may be determined from dispersion contributions:
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Polar contributions may be evaluated, taking into consideration the interactions of multiple
polar groups, using:
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The hydrogen bonding contribution has been determined assuming that hydrogen bonding
cohesive energy is additive:
2/1)/(#=
z
mh
z
h VU 2.20
Differences in total solubility parameter between dispersant and solvent (T) may be
calculated to give an idea of the relative solubility of the dispersant in the solvent; the lower
this value the more likely the dispersant is to have a high solubility and vice-versa:
2222
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A list of group contributions may be found in Appendix I. 
 
2.6 Rheology
Rheology is the study of the deformation and the flow of matter and can be used to great
effect to characterise the dispersion properties of colloidal suspensions. This can range from
the measurement of viscosity properties of a dispersion to determine dispersion properties,
such as solvent and dispersant effects (Leong et al, 1993; Morris et al, 1999; Leong and
Boger,1990; Sioberg et al, 1999; Xiaobin et al, 1998) to more detailed information about the
structure of the dispersed particles and the interactions that provide viscous and/or elastic
characteristics to the material (Miano et al, 1992; Romero et al, 2002).
This study is concerned primarily with liquids and gels and how they behave when a force is
applied. Some basic definitions of the consequences of this applied force are given, as well as
a description of the properties being measured and the techniques employed.
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2.6.1 Shear Stress 
The ratio of a force F applied across the top surface of a liquid acting over an area A is termed
the shear stress and is expressed in Nm-2 = Pa.
Force, F
velocity
Thickness, x
Area, A
Displacement D
Figure 2.12 Deformation due to application of stress
Shear stress 2== Nm
A
F 2.22
2.6.2 Shear Strain
The displacement over a distance achieved as a result of application of a force is termed the
strain and is dimensionless:
Shear strain
A
D
= 2.23
2.6.3 Shear Rate
(

The liquid's response to the applied shear stress is to flow (displacement produced = x),
resulting in a velocity  between the surfaces. It is this velocity gradient that provides the
shear rate.
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2.6.4 Viscosity 
Viscosity is a property of fluids which relates shear stress to shear rate and describes the
internal resistance to flow. When viscosity is independent of shear rate it is described as
Newtonian.
Viscosity sPa
s
Pa
.1 === •

 2.25
The constant of proportionality is the shear viscosity. Here the time derivative of the strain is
represented by Newton’s dot.
2.6.5 The Hooke Model
When an elastic solid is deformed under an applied shear, no further movement is observed
once the deformed state is reached. The stress  is proportional to the strain (relative
deformation)  and the proportionality constant is the shear modulus G’.
 'G= 2.26
This equation only describes the behaviour of the material over a limited linear range. At
high stresses and strains non-linearity is observed.
2.6.6 Newtonian and Non-Newtonian Fluids
With Newtonian fluids (typically water and solutions containing only low molecular weight
material) the viscosity is independent of shear rate and a plot of shear strain rate (e.g. the rate
of stirring) against shear stress (e.g. force, per unit area stirred, required for stirring) is linear
and passes through the origin.
More complex systems, such as polymer solutions, emulsions and concentrated colloidal
dispersions tend to exhibit non-Newtonian behaviour where their viscosity depends on the
shear strain rate. In some cases a decrease in viscosity with increasing shear rate during
Chapter 2 Background
______________________________________________________________________
Page 60
steady shear flow is observed. Alternatively, a material may display shear thickening
behaviour when there is an increase in viscosity with increasing shear rate during steady shear
flow.
The behaviour of flowing materials can be illustrated by flow curves which show the shear
stress as a function of shear rate (Figure 2.13(i)) or the viscosity as a function of shear rate
(Figure 2.13(ii)).
(i) (ii)
a
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b
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Shear rate
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Shear rate
Figure 2.13 (i) Flow curves of various systems and (ii) Viscosity-shear rate relationship.
(a) Newtonian Model; (b) Bingham Plastic; (c) shear thinning; (d) shear thickening; (e)
Herschel-Buckley Model. (Bergstrom, 1994).
2.6.7 Bingham Model
Bingham plastic fluids exhibit a linear shear stress, shear-rate behaviour after an initial shear-
stress threshold (yield stress) has been reached. Below the yield stress,  , the system
behaves as an elastic solid.
•
+=   pl 2.27
where pl is the slope of the linear part of the curve, referred to as the plastic viscosity.
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2.6.8 Power Law Fluid Model
This model describes a pseudoplastic fluid whose viscosity is seen to decrease as shear rate
increases when n, the power law exponent, <1. This behaviour is time independent and,
unlike the Bingham model the system does not exhibit a yield stress. When n>1, the viscosity
increases with increase of shear rate, referred to as shear thickening. This may be a result of
dilatancy in the case of a suspension of irregularly shaped particles, in which the liquid
exhibits an effective increase in volume while being sheared.
•
= nk  2.28
where k represents consistency and n is the power law exponent.
2.6.9 Herschel-Buckley Model
The Herschel-Buckley model is a power law model with a yield stress. The Herschel-Buckley
equation is preferred to power law or Bingham relationships because it results in a more
accurate description of rheological behaviour when adequate experimental data are available.
•
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2.6.10 Thixotropy
Thixotropic materials show a decrease in viscosity as the shear rate increases but, unlike a
power law fluid, this behaviour is time dependent. In the case of colloidal dispersions that
exhibit a gel-like consistency at rest, a shearing force may have the effect of changing the
structure of the system by breaking weak bonds between suspended particles or aligning
irregularly shaped particles or long chain molecules, allowing the material to flow. Upon
removal of the shearing force the viscosity will then restore over a period of time as weak
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bonds are allowed to re-establish or anisotropic particles revert to random configuration. In
some cases viscosity will increase with an increase in shear rate, termed negative thixotropy.
2.6.11 Viscoelasticity
Some materials can be classified as either elastic, or viscous, for which Hooke’s Law, or
Newton’s Law is applicable. Elastic materials have the capacity to store mechanical energy
with no dissipation of the energy. When a stress is applied to an elastic solid, the sample
undergoes immediate deformation which remains constant for as long as the stress is applied.
This is analogous to the response of a spring when a weight is hung from it. The deformation
that takes place is directly proportional to the stress applied and the ratio of the strain to the
stress is a measure of the elasticity of the sample. When the stress is removed, the
deformation is immediately recovered and the sample returns to its original position (Figure
2.14(a)).
Newtonian fluids have a capacity for dissipating energy, but none for storing it. When a
stress is applied to a purely viscous material the samples response is to flow. As long as the
stress is applied the sample will continue to deform in this way at a constant rate. This is
analogous to a dash-pot filled with oil. If a weight is hung upon the piston it will fall through
the oil at a rate independent upon the magnitude of the weight. When the stress is removed
the piston ceases to move through the oil and the deformation is not recovered (Figure
2.14(b)).
(a) (b)
Figure 2.14 (a) Purely elastic response to applied stress; (b) purely viscous response to
applied stress
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In many cases, a material will exhibit behaviour somewhere in between these two extremes.
In this case, the sample will show some capacity to store mechanical energy, but some of the
energy will be lost as flow. This viscoelastic material will respond to an applied stress with
instantaneous deformation followed by a flow process which may or may not be limited in
magnitude as time grows.
The behaviour of viscoelastic materials may be modelled by combining the both the spring
and dashpot models.
(a) (b) (c)
Figure 2.15 Viscoelastic models: (a) Maxwell model; (b) Berger’s model; (c) Kelvin model.
The Maxwell and Voigt/Kelvin models contain a single spring of stiffness G with a damping
term attached either in series (Maxwell) or in parallel (Kelvin). The Kelvin model represents a
viscoelastic solid. When a stress is applied both elements respond with the dashpot retarding
the motion of the spring. The equation of this model is described by a linear addition of the
stresses:
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•
+=  G 2.30
The Maxwell model represents a viscoelastic liquid and the driving force for the relaxation is
the spring and the dashpot viscosity controls the rate. The equation of this model is described
by linear addition of the strain rates:

 +=
•
•
G
2.31
The Berger model is a combination of the Maxwell and Kelvin models in series to represent a
series of responses to the forces on the sample, including purely elastic and viscous responses
that may also play a role in the deformation of the sample.
Deborah Number: The viscoelastic nature of a material can be qualified by the ratio of the
time it takes for a system to relax (* ) to the experimental measurement time( 0* ):
0*
*
=De 2.32
When De >>1the system behaves like a solid and has elastic properties: when De <<1 the
system flows like a liquid. The system is viscoelastic when De is of the order of unity, as is
very often the case when studying colloidal dispersions (Goodwin and Hughes, 2000)
2.6.12 Steady Shear Test
Steady shear measurements involve the application of a shear stress or shear rate to a material
and determining viscosity using the relationship in equation 2.24. Initially, at low solids
volume fraction, the viscosity of a suspension is likely to be dominated by the rheology of the
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continuous phase, which may be Newtonian. As solids volume fraction increases the
suspension rheology will come to be influenced more and more by particle interactions,
hydrodynamic effects, and Brownian motion.
For shear thinning materials, as the shear rate rises from low to high values, the shear stress
increases rapidly until high values of shear rate are reached and stress levels off. Using the
viscosity relationship (equation 2.25) it can be seen that at low shear rate a high viscosity will
be observed, reducing with increasing shear. At low enough values of shear the structure of
the material will absorb the stress being applied and the material will have a measurable zero
shear viscosity. As the shear increases and the structure starts to break down a rapid decrease
in viscosity is observed. The stress at which this occurs is the yield stress of the material and
can be used to provide information about the ease with which a material may be pumped or
poured. The shear thinning nature of many colloidal dispersions may be investigated using
this relationship, providing information concerning the nature and strength of interactions.
Generally, shear thinning behaviour is observed at solids volume fraction above ~ 0.3,
shifting to lower values when coagulation occurs (Stein and Laven, 2001).
The flow behaviour of a suspension is dependent upon the concentration of particles. High
volume fraction suspensions are required for many applications, such as in ceramics
processing for electronics in which a high solids loading leads to an increase in end product
performance (e.g. better conductor or insulator properties, depending upon application).
Solids contents as high as 60 vol.% have been reported for micro-sized particles (Studart et al,
2006), but such high loadings of nano-sized particles are less common. The addition of a
steric stabilising layer around a particle affects the rheology of suspensions due to the
formation of an excluded volume which contributes to the effective volume fraction of the
particles. The core volume fraction () and effective volume fraction (eff) for a
monodisperse system are related according to the following equation (Prestidge and Tadros,
1988):
3
1 


 +=
a
eff
 2.33
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where a denotes particle radius and  is the steric layer thickness. Thus it can be seen that
small particles will have a large /a value and eff can be considerably greater than  when
using conventional polymeric dispersant molecules (~10nm). This relationship is
represented graphically in Figure 2.16.
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Figure 2.16 Relationship between eff and  for monodisperse hard spherical dispersed
particles of radius 20 nm (), 40 nm (), 100 nm (), 250 nm (), and 500 nm ().
The viscosity of a suspension of spherical particles at low concentration behaves according to
the Einstein equation (Einstein 1906 and 1911):
)][1( 

 +==
sol
r 2.34
 e
ff
 nm
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where  is the apparent viscosity of the suspension, sol is the viscosity of the suspending
medium, r is the relative viscosity, and [] is the intrinsic viscosity of the suspension. This
equation predicts that [] is 2.5 for spherical particles and although measured values have
shown some variability of this value (Ward and Whitmore, 1950), this value is generally
applied to suspensions of smooth, rigid, spherical particles.
For higher concentrations of spherical particles, a relationship has been developed for
predicting suspension viscosity by Krieger and Dougherty (Krieger and Dougherty, 1959;
Krieger, 1972):
[ ] max
max
1











=r 2.35
where max is the maximum attainable volume fraction. The volume fraction values used here
are those of the effective volume fraction: the thickness of the adsorbed layer  is replaced by
the Debye length -1 for electrostatically stabilised systems. This relationship can also be
applied to estimate the thickness of polymer grafted on to the surfaces of latex particles
(Prestidge and Tadros, 1988).
The maximum attainable packing fraction is shear rate dependent: max increases with shear
(Krieger and Dougherty, 1959; Krieger, 1972; Barnes et al, 1989) as particles pack more
densely and the excluded volume is reduced. In the low shear region Brownian diffusion
dominates and the random arrangement causes a high viscosity; in the high shear region
hydrodynamic forces dominate and layered flow allows an increase in max (Bohuslav et al,
1999). The actual maximum packing fraction of monodisperse suspensions of spherical
particles is typically 0.63 at low shear and 0.71 at high shear (De Kruif et al, 1985). The
effect of particle volume fraction on zero-shear 0 and high shear  limiting viscosity is
shown in Figure 2.17 in which 0 increases more rapidly to an asymptote than  (Russel et al
1989).
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Figure 2.17 Zero () and high () shear limiting viscosity for dispersions of monodisperse
hard spheres (Russel et al 1989).
Particle size distribution (PSD) will have an effect upon max due to the spatial arrangement of
the particles as interstices between large particles can be filled with the smaller components of
the distribution. A bi- or tri-modal distribution of particle size will provide the most efficient
packing arrangement allowing maximum packing density (Farris, 1968). However, a high
percentage of very small particles in the PSD will reduce max as a result of the enlarged
specific surface area of the particles which is solvated, effectively removing solvent from the
bulk mobile phase which is no longer available to allow a flowable dispersion.
The influence of particle morphology upon suspension viscosity will affect both max and []
as a result of their packing density. Non-spherical particles will generally have poorer
packing and hence lower max when compared to spherical particles. The aspect ratio of non-
spherical particles has an effect upon viscosity, particularly at low shear. As shear increases,
anisotropic particles are aligned with the flow and viscosity will be reduced. The
deterioration in packing quality will also increase []. Anisotropic particles have previously
been found to have [] values in the range 4.5 to 6 (Struble & Sun, 1995).
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Shear thickening occurs when there is an increase in viscosity with shear rate and is likely to
involve the transition from an ordered to a disordered state (Hoffman, 1998). Important
parameters involved in controlling shear thickening behaviour include particle size
distribution and particle shape, particle volume fraction, particle-particle interactions,
continuous phase type and viscosity, rate and time of the deformation (Barnes, 1989). The
clustering of stable particles results in increased viscosity due to an increase in effective
volume fraction caused by occlusion of liquid within the structures. Systems with a high
proportion of large particles tend to have a dilatent behaviour.
2.6.13 Oscillation Test
Viscoelastic behaviour of a material may be analysed by means of an oscillation measurement
which involves subjecting the material to a sinusoidally varying stress. The resultant strain
output and phase difference between the input and output signals are measured (Figure 2.18).
For an elastic (Hookean) system the amplitude maximum of the stress 0 and that of the
strain 0 occupy the same position as there is no energy dissipation in the system. There is
therefore no measurable phase angle shift ( = 0). For a viscous (Newtonian) system a
sinusoidal stress wave produces a strain wave that is shifted by an angle of 90°, i.e. when the
stress is maximum the shear rate is at maximum but the strain is at a minimum. For a
viscoelastic system, when the material is subjected to a sinusoidal stress wave, a strain wave
is produced that is out of phase by less than 90°, with the value of  relative to the nature of
the material, i.e. predominately viscous  > 45°; predominately elastic  < 45°.
The complex modulus G* is the viscoelastic measurement of the system and is the ratio of the
stress amplitude to the strain amplitude.
0
0
*


=G 2.36
This modulus is the sum of the storage (G’) and loss (G’’) moduli:
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'''* iGGG += i = (-1)1/2 2.37
obtained by measuring G* (stress/strain) and the phase difference between them ()
(Goodwin and Hughes, 2000).
PaGG
PaGG
==
==


sin*''
cos*' 2.38
2.39
Figure 2.18 Strain wave produced by application of a sinusoidal stress wave to (a) Elastic
solid; (b) Viscous liquid; (c) Viscoelastic system.
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In practice an amplitude sweep of a fully structured sample is performed by oscillating at a
fixed frequency (e.g. 1 Hz) and slowly increasing the applied stress. This enables the linear
value of the elastic (G’) and viscous (G’’) modulii to be determined. In this region the
rheological parameters are not amplitude dependent and destruction of the structure is
avoided. The amplitude of oscillation is then set within the linear viscoelastic region and the
material is subjected to a sinusoidal stress and the sinusoidal strain and the phase-lag are
measured while changing the frequency of the input signal. This analysis gives an indication
of the relative viscous and elastic behaviour over different timescales with time equal to the
inverse of the frequency i.e. low frequency equates to long timescale behaviour, such as
dispersion storage stability.
2.7 Direct Force Measurement by Atomic Force Microscopy
The atomic force microscope (AFM) was developed as an improvement to the Scanning
Tunnelling Microscope (Binnig, et al 1982; Binnig and Rohrer, 1982.; Tersoff, 1987) to
enable the imaging of the topography of sample surfaces with atomic resolution (Binnig et al
1986). Scanning the sample with a sharp probe mounted on a cantilever spring can produce
high resolution three-dimensional images. Feedback mechanisms enable a piezoelectric
scanner to generate topographic images and force measurements. A piezoelectric scanner
moves by a microscopic amount when a voltage is applied across its electrodes, allowing
three-dimensional positioning (x, y, and z axes) with high precision. As the probe is scanned
across the sample surface, or the sample is scanned under the probe, by movement in the x
and y axes the cantilever will encounter surface features that will cause it to be deflected in
the z axis. This deflection may be measured by several techniques, including the optical beam
technique developed by Meyer (Meyer and Amer, 1988) which involves the reflection of a
laser beam directed onto the cantilever and detected by a multi segment photodiode array
(PSD). The feedback mechanism monitors the cantilever deflection and keeps it constant by
movement of the piezo in the same axis.
As well as topographic measurement of sample surfaces, AFM may be used for the direct
measurement of forces acting between surfaces as a function of distance. The surface forces
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apparatus (SFA) developed by Israelachvili was designed to measure forces between
perpendicular cylinders covered in a thin mica layer (Israelachvili and Adams, 1978). Using
an AFM in force measurement mode allowed the measurement of interparticle forces between
a much larger selection of substrates (Ducker et al, 1991 and 1992). This can be achieved by
mounting a spherical particle to the cantilever (probe) and altering the distance between
sample and probe while measuring the cantilever deflection. The cantilever deflection will
depend upon the surface properties of the materials of probe and sample. Knowledge of the
spring constant of the cantilever allows for the determination of a force versus separation
curve. AFM measurements may be carried out in a variety of solvent environments where the
interactions observed may be a result of the interplay between the van der Waals attractive
force and the electrostatic repulsive force (in water), according to DLVO theory (Butt et al
1995). In addition, steric (Biggs, 1995) and solvation (O’Shea et al, 1994) forces may also be
observed.
The surface geometries generally applied in AFM are those of smooth micrometer-sized
spheres attached to cantilevers measured against a flat surface. For a sphere of radius a and a
flat surface, the measured force F may be related to the interaction energy VA per unit area as
a function of distance between the interacting surfaces by applying the Derjaguin
approximation (Derjaguin, 1934):
a
DFDVA %2
)()( = 2.40
Ignoring the effects of retardation (Hunter, 1987) on the van der Waals force for simplicity,
the interaction energy per unit area between two flat plates of the same material:
212
)(
D
ADVA %
= 2.41
where A is the Hamaker constant. It can be seen from the relationship in equation 2.40 that
particle radius will have an effect upon the magnitude of the measured interaction energy (or
force).
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Operation of the AFM to produce a force vs. separation curve requires the probe and sample
surface to be brought together and then separated in the z-axis. The data generated allows the
distance travelled by the piezo to be plotted against cantilever deflection. To achieve this, the
region of constant compliance is determined where it is assumed that the surfaces are in
molecular contact and bending of the cantilever is due solely to piezo movement. The slopes
for piezo movement (in nm) and cantilever deflection (in arbitrary units) can be used to
convert the deflection to the separation between the surfaces.
Figure 2.19 Schematic representation of AFM. A laser beam is reflected off the AFM
cantilever to a photodiode detector. Interaction force between the sphere and the flat
substrate causes a deflection of the cantilever and a resulting change in voltage output from
the photodiode.
Cantilever deflection can be converted to force by setting a baseline of zero force at large
separation where there is no interaction between the surfaces and therefore no cantilever
deflection. The force relative to the baseline is obtained by application of Hookes Law (F =
Laser beam
PSD
sample
cantilever
piezoceramic
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kx), which is the product of cantilever deflection (x) and the spring constant of the cantilever
(k). The resulting force distance curve can be fitted to the horizontal and vertical axes by
assuming the point at which the constant compliance region commences represents zero
separation (x = 0) and that the force experienced by the cantilever is zero at large separation (y
= 0), and correcting the value for each at every measurement point.
For an attractive system (Figure 2.20 and 2.21) the cantilever is initially at sufficient distance
from the surface that it is not affected by any interactions (region AB). As the separation
between probe and surface decreases, the probe experiences an attractive force from the
sample, at which point it will jump into contact with the surface (region BC) as the force
gradient exceeds cantilever spring constant. Once the probe is in contact with the surface,
cantilever deflection will increase linearly as the distance between fixed end of the cantilever
and the surface decreases (region CD constant compliance). If the cantilever is sufficiently
stiff to deform the surface the slope of the force curve will reflect this, providing information
about the elasticity of the sample surface. The process is then reversed and the cantilever is
withdrawn from the sample surface (region DE). Adhesion to the sample surface will cause
the probe to remain in contact with the surface some distance beyond the initial contact point
(region EF), depending upon the strength of the attraction. The cantilever will then snap back
to the zero force baseline at sufficiently large separation that the force generated in the
cantilever is in excess of the adhesion force (region FG).
For a repulsive system (Figure 2.22 and 2.23) the probe is again initially unaffected by surface
forces at sufficient distance from the sample surface (region AB). At closer separation the
probe is deflected away from the surface due to repulsive forces. The probe will eventually
contact the sample surface as the piezo continues to drive the cantilever towards the sample
(region BC). The constant compliance region will again produce a linear curve as the fixed
end of the cantilever continues towards the sample surface until the desired load value is
reached (region CD). Retraction of the cantilever from the sample will produce a similar
linear curve (region DE) until the probe separates from the surface and there is no longer any
surface interaction (region FG).
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Figure 2.20 AFM cantilever deflection data for attractive system
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Figure 2.21 Example of a force-distance interaction profile for an attractive system: ()
approach; () retract.
Van der Waals interaction between similar particles is always attractive; some dissimilar
particle surfaces will experience repulsive van der Waals interactions when intervening media
result in a negative composite Hamaker coefficient, as was found for the interaction of a flat
PTFE surface and gold spheres in low polarity liquids (Milling et al, 1996). Adsorption of
polymers to surfaces can also result in measurable repulsive forces as a result of the same
forces responsible for steric stabilisation of particle suspension, as have been reported in the
literature (Lea et al 1994; Musoke and Luckham, 2004; Khan et al, 2002,; Braithwaite, et al
1996; Braithwaite and Luckham, 1997) In fact, it is because the same forces are responsible
for stability or instability of particles are those that influence surface interactions in AFM
direct force measurements that make this technique such a valuable method for quantifying
these interactions.
The study of repulsive interactions caused by attachment of polymer molecules to the sample
surfaces suffers from the inability to determine a true zero separation distance. Adsorbed
dispersant will be sandwiched between the surfaces, so any separation distances will be
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relative to the thickness of the sandwiched molecules. This makes it difficult to determine a
true value for adsorbed layer thickness.
Figure 2.22 AFM cantilever deflection for repulsive system
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Figure 2.23 Example of a force-distance interaction profile for a repulsive system: ()
approach; () retract.
2.8 Light Attenuation
TiO2 occurs naturally in three different forms: anatase; rutile; brookite. It is in the first two
forms that titania is commercially desirable for use as a pigment and in sunscreen
formulations when interaction with UV and visible light is of primary importance.
Titanium dioxide is by far the most widely used white pigment. Pure titania is colourless, but
appears very white when finely divided due to light scattering. Rutile and anatase forms both
have a very high refractive index, but the more compact structure of rutile provides it with the
higher refractive index (Egerton, 1997). The refractive index determines the opacity that the
material confers to the pigment matrix. Hence, with its high refractive index, relatively low
levels of titania pigment are required to achieve a white opaque coating.
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Measurement of the UV/visible radiation attenuation spectrum may be used as an indication
of the dispersed particle size of a suspension of TiO2. Light attenuation by TiO2 particles in
suspension is a function of particle diameter and wavelength. TiO2 interacts with radiated
light in a number of ways: photons may be scattered, absorbed or are transmitted directly
through the material unimpeded. Scattering plays an important role in attenuation of radiation
at long wavelengths, and absorption plays an important role at short UVB wavelengths.
Fine particle TiO2, as used in sunscreen dispersions (particle diameter approx. 30 – 50 nm)
exhibits a maximum attenuation in the UV region of the spectrum. As particle size increases,
the maximum attenuation shifts from shorter wavelength to longer wavelength so that
pigmentary size particles (~200 nm) will exhibit a maximum in the visible region of the
UV/vis spectrum. UV attenuation is much reduced and visible scattering (opacity) increases.
2.8.1 UV absorption
TiO2 is a semiconductor which absorbs UV light according to its band gap energy. Electrons
in the 2p oxygen valence band orbitals are excited sufficiently to be promoted to the titanium
3d conduction band orbitals at energies of 3.25 eV for rutile and 3.05 eV for anatase,
corresponding to wavelengths of ~390 nm and ~405 nm, respectively. This phenomenon
results in the absorption of radiation below these wavelengths and transmittance of light at
longer wavelengths.
UV energy excites titanium dioxide particles creating a photo-generated electron (e-) in the
conduction band and a highly oxidising hole (h+) in the valence band of the semiconductor.
The majority of the electron/hole pairs cannot overcome their mutual attraction and simply
recombine. However, some do manage to diffuse apart, and find their way to the surface.
Here, the electron can be scavenged by oxygen initially reducing oxygen to the superoxide
radical and eventually to water and the hole can oxidise adsorbed OH or water to form the
powerfully oxidising hydroxyl radical that can completely mineralise organic components
(Hoffman et al, 1995).
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Figure 2.24 Semiconductor nature of TiO2
2.8.2 Scattering of light
UV attenuation by suspended TiO2 particles arises due to both band gap absorption and the
scattering of UV light. For particle sizes larger than the wavelength of incident light, Mie
scattering predominates and is not strongly wavelength dependent. When the particle size is
small compared to the wavelength of light, Rayleigh scattering occurs. The intensity of
scattered light is dependent upon the particle diameter and the wavelength of light (Kerker,
1969):
iS I
m
mNdI
2
2
2
4
6
2
1






+


1
2.42
where Is is the intensity of scattered light, N is the number of particles, Ii is the intensity of the
incident light, d is the particle diameter,  is the wavelength of incident light, m is the relative
refractive index = (refractive index of particles)/(refractive index of carrier fluid). Thus it can
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be seen that particle size will have a dramatic effect upon the strength of light scattering. As
particle size is reduced, scattering efficiency of the particle falls sharply.
2.8.3 Mie Theory and UV/vis attenuation
The total attenuation of UV and visible radiation by titania particles depends on the ratio of
particle size to wavelength (Bohren and Huffman, 1983). Radiation transmitted (It) by a
suspension of dispersed particles is related to the incident radiation (Ii) and follows the Beer
Lambert relationship:
cl
I
I
i
t = log
2.43
where  = extinction coefficient, c = concentration of particles, and l = path length. The
extinction co-efficient is the sum of the coefficient of absorption (qa) and the coefficient of
scattering (qs):
sa qq += 2.44
and can be calculated using the refractive indices of titania and its surrounding medium for a
series of increasing particle size diameters at any given wavelength (Kerker, 1969). Due to
the dual scattering and absorption properties of titania particles, the refractive index r is
complex, consisting of a real rr and imaginary part ri which both vary with wavelength:
2.45
Application of Mie theory (Mie, 1908) for spherical, optically isotropic (exhibits the same
refractive index independent of the incident radiation orientation) rutile titania particles
dispersed far enough apart not to cause multiple scattering interactions with one another with
a log-normal distribution of particle size allows for the prediction of the UV/vis attenuation
properties of the suspension. In Figure 2.25 total attenuation  is plotted against wavelength
for titania particles of various mean diameters.
ir rrr +=
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Figure 2.25 Total attenuation of UV and visible radiation versus wavelength of incident
radiation for spherical titania particles of mean diameter 220 nm ( ), 100 nm (—), 50 nm
( ), and 20 nm () from Robb et al 1994.
The relationship between light attenuation and particle size can be clearly seen. As particle
size is reduced visible scattering (opacity) is reduced and absorption of UV light increases due
to improved distribution of the particles throughout the medium. This combination of
attenuation of UV light at low wavelengths by band gap absorption and the proportional
scattering of light at higher wavelengths with particle size means that particle size and the
degree of particle flocculation / aggregation may be assessed by UV/vis analysis. A low TiO2
particle size with narrow size distribution will provide a spectrum with high attenuation in the
UVB region combined with a high degree of transparency in the visible region. Pigmentary
size particles will exhibit an attenuation maximum in the visisble region of the UV/vis
spectrum. Because the intensity of scattered light is proportional to the particle diameter to
the power six, the presence of a few larger particles and agglomerates will have a dramatic
effect upon the UV/vis spectrum, with reduced transparency in the visible region.
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3. Materials and Methods
3.1 Materials
3.1.1 Uncoated titania
Rutile TiO2 was supplied by Uniqema Ltd. (Wilton, UK) (now part of Croda International
plc) with primary crystal size typically 10 nm. Surface area measurement by BET N2
adsorption was found to be 115 m2g-1.
3.1.2 Hydrophilically modified titania (FPT1)
Commercial rutile TiO2 coated with 4 % silica and 12 % alumina (as percentage of titania)
was supplied by Uniqema Ltd. with primary crystal size quoted as 25 nm. Surface area
measurement by BET N2 adsorption was found to be 95 m2g-1.
3.1.3 Standard Dispersants
The dispersants used in this study were isostearic acid (ISA) and poly(12-hydroxystearic acid)
(PHS). The ISA was an industrial grade obtained from Uniqema Ltd. as Prisorine 3505. The
PHS dispersants were of different average molecular weights: PHS 1400 Mw = 1400, Mn =
880; PHS 3500 Mw = 3500, Mn = 1900 determined by GPC analysis. Both PHS dispersants
were obtained from Uniqema Ltd. The schematic diagram shown in Figure 3.1 gives the
approximate length and cross-sectional area of stearic acid (Adam, 1968). Assuming the
same bond lengths, the length of poly(12-hydroxystearic acid) can be calculated from average
repeat units of the oligomer: PHS 1400 (Mw 1400 ~ 4.7 units) ~ 9.36 nm; PHS 3500 (Mw
3500 ~ 11.7 units) ~ 22.0 nm.
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(a)
Figure 3.1 Schematics representing dispersant molecules used: (a) ISA monomer; (b) PHS
oligomer (dimer shown).
3.1.4 PHS 3500 Methyl Ester
Methanolysis of Poly(hydroxystearic acid)
Poly(12-hydroxystearic acid) (PHS 3500) was heated to 120 C in the presence of 5%w/w
Amberlite IR-120 ion exchange resin (Rohm & Haas, Philadelphia, USA) to act as catalyst.
Methanol was added drop-wise whilst mixing until an acid value titration revealed no further
methanolysis of the PHS 3500. On cooling the product was filtered to remove the ion
exchange resin. The acid value titration revealed some residual acid functionality (3.1mg
KOH / g). To remove any residual acid functionality, the esterified PHS 3500 was mixed
with titania at a dispersant to titania ratio of 0.22 in decalin and left overnight before being
centrifuged and the supernatant carefully removed. Acid value titration of the supernatant
confirmed the absence of any acid functionality. GPC analysis revealed a very similar
O
OH
O
OH
O
12 x 0.15 ~ 1.8 nm6 x 0.15 ~ 0.9nm
12 x 0.15 ~ 1.8 nm6 x 0.15 ~ 0.9nm
(b)
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molecular weight distribution to that of PHS 3500 i.e. no reaction other than esterification of
the acid group had taken place.
3.1.5 Stripped PHS 3500
Low molecular weight components were removed from PHS 3500 dispersant by adding
titania to a 7.5 %w/w solution of standard PHS 3500 in cyclohexane at dispersant to titania
ratio of 0.30. The slurry was mixed thoroughly and sonicated and allowed to equilibrate for 2
days, after which time the titania was removed by centrifugation at 20 000 rpm for 2 hours.
The cyclohexane was removed by evaporation and GPC analysis of the remaining material
confirmed the removal of all monomeric components and a reduction of other low Mw
material and overall reduction in polydispersity.
3.1.6 Solvents
Decahydronaphthalene (decalin), a mixture of cis-and trans isomers, and 1,3,5-
Trimethylbenzene (mesitylene) analytical grades were purchased from VWR International
Ltd., Liecestershire, UK. C12-C15 alkylbenzoate and 2,6,10,15,19,23-Hexamethyltetracosane
(squalane) were obtained from Uniqema Ltd.
(a) (b) (c) (d)
Figure 3.2 Solvents used in dispersion preparation: (a) decalin; (b) mesitylene; (c)
alkylbenzoate; (d) squalane.
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3.1.7 AFM Materials
TiO2 flat crystal used for AFM measurements was a 10/5 epi polished single rutile TiO2
crystal 110 orientation purchased from MTI Corporation (Richmond, CA, USA). The probes
used were spherical silica particles coated with a 20 nm layer of amorphous TiO2 purchased
from Corpuscular Inc. (Cold Spring, NY, USA). Particles were mounted on a tipless silicon
nitride cantilever (Ultralevers, Park Scientific Instruments, USA) with a spring constant of
0.06 N/m.
3.2 Methods
3.2.1 Adsorption Isotherm Determination
To determine the adsorption isotherm for each of the systems various weights of dispersant
were diluted to approximately 51g in the solvent under investigation in screw-top 125mL
sample jars and fully dissolved. Approximately 22g of fine particle titania was added to each
jar which were sealed and then sonicated for 15 minutes in a sonic bath. The samples were
stored at room temperature for 3 days. The contents of each sample jar were transferred to
40mL centrifuge tubes and centrifuged at 20,000 rpm for 2 hours at 20OC. The supernatant
from each tube was carefully removed and the equilibrium concentration of dispersant
determined by the various techniques.
3.2.1.1 Acid value titration
An aliquot of the supernatant from each tube was carefully weighed and titrated against 0.1M
KOH in methanol using thymolphthalein indicator dissolved in a mixture 3:1
toluene:isopropyl alcohol and the acid value in mgKOH/g of the supernatant was calculated.
Equilibrium concentration could then be calculated from:
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where AVSN = supernatant acid value, AVsolvent = carrier solvent acid value and AV0 = acid
value of the pure dispersant. From this, mass of dispersant in the equilibrium and hence
amount adsorbed, can be determined.
3.2.1.2 Gel Permeation Chromatography (GPC)
A concentration versus refractive index calibration curve was constructed for each of the
dispersant / solvent systems under investigation. In each case a known concentration of
dispersant was prepared. Approximately 4 g of the standard was carefully weighed and
diluted with 10 mL THF. Size exclusion chromatography was carried out by injecting 100 µL
into a column and using THF as eluent at 1 mL/min and a refractive index detector. From the
elution profile produced the total refractive area could be calculated as the area under the
elution curve and this was taken to be directly proportional to the dispersant concentration.
The calibration curves produced for each system confirmed this relationship. This process of
GPC analysis following dilution with THF was repeated for each of the centrifuge supernatant
samples and solvent dispersant equilibrium concentration was calculated in each case by
comparison with calibration standards. The molecular weight of each of the peaks in the
elution profile and the average molecular weight of the polyhydroxystearic acid could be
determined by comparison with a calibration standard whose molecular weight distribution
was determined by nuclear magnetic resonance (NMR) spectroscopy.
For both acid value titration and GPC techniques the adsorbed amount  (mg m-2) could be
calculated using mass balance:
3.2
where C0 is initial concentration of dispersant in the solvent, Ce is equilibrium concentration
of dispersant in the solvent, m is the mass of the particulate material used and AS is the particle
specific surface area.
The adsorption isotherms of each of the systems could be produced by plotting Ce against .
The adsorption curves were applied to the Langmuir equation (equation 2.15).
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3.2.2 Rheological Measurement
The effect of solvent properties and dispersant molecular weight upon the dispersion was
investigated by rheological techniques. Initially, the optimum dispersant concentration was
determined for each dispersion system by comparing rheological properties over a range of
dispersant concentrations in each of the solvents whilst maintaining constant solids loading.
The effect of titania load upon the dispersion rheology was investigated at constant dispersant
to solids ratio at the optimum dispersant concentration for the oligomerics. Isostearic acid
(ISA) at 0.1 ISA:titania ratio was also used as an example of a low molecular weight fatty
acid dispersant. In this way, the dispersant molecular weight and solvent effects could be
evaluated. Solids loading at non-optimised dispersant (PHS 3500) concentration was also
investigated. Rheological behaviour was characterised using a combination of steady shear
and dynamic measurement techniques.
Rheological assessments were carried out using a Bohlin CVO rheometer. For gelled
samples, the 4° / 4 mm cone and plate geometry was used; fluid samples were measured using
the C25 concentric cylinder. The shearing movement is generated by rotation of the cone or
tapered cylinder and the movement of the measuring system attached to the shaft and the
applied torque are converted to shear stress and strain. By monitoring the change of strain as
a function of time the shear rate can be determined. All measurements were carried out at
25°C, controlled by the circulation of water from a water bath around the sample cup or plate.
3.2.2.1 Preparation of samples for rheological evaluation
The TiO2 powder used for the preparation of slurries consists of agglomerated particles which
quickly settle out of suspension to form a hard sediment. The agglomerates may be broken
down to some extent by high shear mixing, but even in this case the shear force is usually too
weak to break the agglomerates down sufficiently. A horizontal bead mill (Mini Motor Mill
from Eiger Torrance Ltd., Warrington) was used in the preparation of samples for rheological
assessment to break down the agglomerates into their constituent particles so that optimum
dispersion of the particles could be achieved.
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3.2.2.2 Steady Shear Test
The viscosity of the dispersions was measured by subjecting samples to an increasing shear
stress, from 0.03 to 200 Pa over 180 s. Samples were carefully applied to the measuring
system 30 mins prior to measurement. For very fluid samples, the maximum rotational
velocity of the instrument was reached before maximum shear stress could be applied,
causing measurement to terminate prematurely.
3.2.2.3 Oscillation Test
An amplitude sweep was carried out from low to high values at 1 Hz to obtain the linear
viscoelastic region (LVR) where rheological parameters are not amplitude dependent. The
amplitude was then fixed in the LVR and the frequency swept from 0.01 to 10 Hz. Choice of
measuring geometry was dependent upon sample structure (cone and plate for gels; concentric
cylinder for fluids). Samples were allowed to regain their structure for 30 mins following
application before measurements were carried out.
3.3 AFM direct force measurement
All AFM measurements were carried out using spherical silica particles with a 20 nm coating
of amorphous titania and rutile titania crystal sample (Figure 3.3). Interaction measurements
were initially taken in air, after which measurements were performed in decalin, a solution of
PHS 3500 in decalin, isostearic acid in decalin, and in solutions of PHS 3500 stripped of
monomeric and low molecular weight oligomeric components in decalin and in mesitylene.
3.3.1 Sample preparation
All equipment and the rutile titania crystal sample were sonicated in analytical grade ethanol
and oven dried. The spherical titania coated silica particle was attached to a V-shaped contact
tipless silicon cantilever (Figure 3.4) using Araldite. The glued tip was left to set for 24 hours
prior to use.
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Figure 3.3 Titania particles for attachment to AFM cantilever tip. The larger particles
were avoided as these would be too heavy and cause the cantilever to bend under their
weight. All particles chosen for surface interaction measurements were of similar size (~32
µm diameter).
Figure 3.4 AFM cantilever tip with spherical titania particle mounted.
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3.3.2 AFM Sample Measurement
Measurements were carried out using an apparatus designed and constructed at Imperial
College, London specifically for direct force measurements. The equipment does not
incorporate any scanning capability, simplifying the apparatus and reducing the cost of the
equipment. Measurements were performed within a cell that could be filled with the solvent
or solution of interest. To minimise external environmental influences, the apparatus was set
up on an anti-vibration table and covered with a custom made box. Multiple approach and
retraction measurements were carried out at several positions on the sample crystal surface to
ensure reproducibility.
The metal disc, upon which was mounted the cantilever, was held in place by a magnet
mounted on a rigid metal rod. To precisely bring the surfaces together within nanometres
separation, the sample crystal (flat surface) was mounted in the solvent cell and placed on a
piezo ceramic tube which is moved towards and away from the sphere surface by application
of a known voltage, from which height changes can be monitored using the piezo expansion
factor.
Cantilever deflection was measured by the reflection of a laser beam directed onto the
cantilever and detected by a multi-segment photodiode (PSD). Signals detected in the four
quadrants of the PSD were compared and the data was sent to a computer via an analogue to
digital converter card. Snapshot, a commercial software package supplied by Advantech, UK,
was used to calculate the voltage signal response relative to the tip motion during deflection.
3.4 UV/vis Measurement
UV/vis spectrophotometry using a Lambda 2 UV/vis spectrophotometer (Perkin Elmer MA,
USA) was used to investigate the effect of solvent properties and dispersant concentration and
molecular weight upon hydrophilic TiO2 dispersion stability. Samples were diluted to
approximately 0.02 gL-1 solids using cyclohexane, and placed in a 1 cm pathlength cuvette.
Sample solution attenuation () was calculated from:
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cl
Abs
= 3.3
where 
 [L g-1 cm-1] is extinction coefficient, Abs is absorbance measured between 190nm –
560nm, c [g kg-1] is concentration of absorbing species, l [cm] is cuvette pathlength.
The UV/vis attenuation curves for the samples with lowest dispersant concentration were
compared with those diluted using a 10 wt.% solution of PHS 3500 in cyclohexane to ensure
attenuation curves were not being affected by the process of dilution. Interference from the
high PHS 3500 concentration affected the attenuation curve at low wavelengths, but
comparisons could still be made.
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4. Materials Characterisation
4.1 Particle Characterisation
4.1.1 BET Nitrogen Adsorption
Powder surface area was determined using physical adsorption of an inert gas (nitrogen) using
a Micrometrics Flowsorb II BET surface area analysis. From the multipoint BET nitrogen
adsorption isotherms the specific surface area of the powders was calculated. The uncoated
titania particles were found to have a surface area of 115 m2g-1; silica/alumina coated FPT1
particle surface area was 95 m2g-1.
4.1.2 Surface Characterisation by Isoelectric Point Determination
Zeta potential was determined using an AcoustaSizer II (Colloidal Dynamics Pty Ltd.,
Sydney, Australia). Particle mobility µ was measured by the application of an alternating
electric field over a range of frequencies between 1 and 20 MHz to the suspension and
measuring the sound waves propagated as a result of particle oscillation (electrokinetic sonic
amplitude ESA). Zeta potential was calculated using the Smoluchowski equation (Appendix
IV).
Smoluchowski’s solution to the problem of relating particle mobility to surface charge dealt
with particles with a very thin double layer (1/	) compared to the radius (a) of the particle and
is really only suitable for cases where 	a is very high (greater than about 100). Unfortunately,
alternative methods of calculating a more accurate value for zeta potential for these small
particles with relatively large double layers (	a < 40) were unsuitable due to problems with
the measurement of particle size. Using the Smoluchowski equation, the result is independent
of particle shape and size, which have previously been shown to be important for adequate
correlation of electroacoustic data to that obtained by electrophoresis (Yoko et al, 1988), and
so does not make allowance for inertia effects. This will inevitably underestimate the
magnitude of the zeta potential away from the iep, but it is still a reasonable indication of zeta
potential and the point of zero charge on the particle should not alter.
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Samples were prepared for the AcoustoSizer II by dilution of TiO2 dispersions to 4.0 wt.%
TiO2 with deionised water. Background electrolyte concentration was adjusted to 10-3 mol/L
NaCl to minimise effects of changing electrolyte concentration during titration experiments.
A 180 mL aliquot of this was placed in a stirred cup in which were positioned pH,
conductivity, and temperature probes. The suspension was circulated through the
electroacoustic probe and back to the sample cup by a peristaltic pump.
The TiO2 samples were titrated with 1 mol/L HCl and 1 mol/L NaOH to alter the pH of the
suspension. The iep of the suspension was defined as the pH at which the mobility of the
sample under the influence of the oscillating electric field was zero.
Figure 4.1 shows the effect of pH upon the zeta potential of the suspensions. The iep for the
uncoated titania occurred at pH ~ 6. The zeta potential for rutile TiO2 quoted in the literature
tends to vary with the information source. An iep of 5.7 –5.8 quoted by Lyklema (1987)
refers to pristine conditions, whereas the iep of 4.9 measured by Morris et al (1999) may be a
result of traces of impurities accumulated on the surface, providing a spurious iep. The iep at
pH ~ 7 for the silica/alumina coated FPT1 appears to be a mixture of rutile (pH 5.7), alumina
(pH 9.0) (Pagnoux et al, 2003) and silica (pH 2.0) (Lee et al, 2001) at the particle surface. As
a rough rule of thumb, the iep of a mixed surface is the surface area weighted average of the
iep values of the components (Parks, 1965). For both zeta potential titration curves, the
further away the suspension pH was from the iep the greater the zeta potential, indicating
increased surface charge.
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Figure 4.1 Zeta potential measurement of uncoated titania (solid line) and silica/alumina
coated FPT1 (broken line).
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4.1.3 TEM
Transmission electron microscopy of the titania samples was carried out by Huntsman
Tioxide (Billingham, UK) to provide information regarding primary particle size and shape.
It was found that the rutile particles, both coated and uncoated, were comprised of aggregates
of anisotropic crystals, resulting in a distribution of particle sizes. TEM images of the
uncoated titania and of the silica/alumina coated titania are shown in Figures 4.2 and 4.3
respectively.
Figure 4.2 TEM of the uncoated rutile titania supplied by Uniqema Ltd.
100nm
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Figure 4.3 TEM of the silica / alumina coated rutile titania (FPT1) supplied by Uniqema
Ltd. Larger particle size than the uncoated titania is not merely a consequence of the
application of coating materials, but is achieved by differences in particle manufacture.
4.1.4 Particle Size
Particle sizing was carried out by Huntsman Tioxide (Billingham, UK) using a Brookhaven
X-Ray Disc Centrifuge. This technique measures particle size distributions by applying
Stokes’ Law to the rate of sedimentation of particles across a rotating disc due to centrifugal
force:
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where Rd is detection radius, Ri is injection radius,  = particle density - fluid density,  =
centrifuge angular velocity, and  = fluid viscosity. Based on a homogeneous start, the
equations are solved for the size versus cumulative mass undersize distribution. The particle
size is expressed in terms of the equivalent spheres which have the same settling speed in
laminar flow conditions. This means that orientation of non-spherical particles will influence
the results. In general, in laminar flow objects settle slower if their largest diameter is oriented
horizontally. Particle size distributions were measured by mass. Measurement can be
converted to number distribution with the input of refractive index data for the particles.
Detection of particles is based on X-ray absorption.
Particle size analysis by Brookhaven X-ray disc centrifuge determined a geometric mean
particle diameter of 45 nm and 63 nm for stabilised dispersions of uncoated titania and
silica/alumina coated FPT1, respectively (Figure 4.4 and Table 4.1). Although the modal
particle diameter of the two particles does not differ greatly, the presence of a number of
larger particles in the distribution of FPT1 particles has increased particle size distribution and
mean particle diameter. This is particularly noticeable when cumulative frequency of the
particle diameter is plotted (Figure 4.5). It was found that there was an appreciative amount
of material greater than 1 µm.
Table 4.1 Particle size of titania and FPT1 determined by Brookhaven X-ray disc
centrifuge of the optimised dispersions.
Particle dispersion Mode diameter nm Geometric mean nm
Standard
deviation
Titania in decalin 30 40 1.41
FPT1 in alkylbenzoate 40 64 1.79
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Figure 4.4 Particle size distributions for uncoated titania dispersed in decalin (—) and
FPT1 dispersed in alkylbenzoate (---). The position of the peak in the size distribution is
similar in each case, but titania has a narrower particle size distribution, with few “oversize”
particles.
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Figure 4.5 Cumulative particle size distribution for uncoated titania dispersed in decalin
(—) and FPT1 dispersed in alkylbenzoate (---).
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4.2 Dispersant Characterisation
4.2.1 Gel Permeation Chromatography (GPC)
The molecular weight properties of the dispersants were determined by GPC, a form of liquid
chromatography in which solutes are separated according to their molecular size. This allows
the comparison of the relative molecular masses of polymeric compounds. The industrial
process of polymerisation produces polymers which do not have a discrete mass but a
distribution of masses as lengths of polymer chain can vary widely in molecular mass.
Separation takes place in a chromatographic column filled with beads of a porous gel, the size
of the pores being the same as the dimensions of the polymer molecules. Dissolved polymer
molecules can diffuse into the pore structure of the gel depending on their size and the pore
size distribution of the gel. The larger molecules can enter only a fraction of the pores or are
excluded altogether and therefore spend less time in the column and are eluted through first.
The smaller polymer and monomer molecules permeate the gel and are slowed down, taking
longer to pass through the column. The different molecular species are therefore eluted from
the column in order of their molecular size. It is important that there are no chemical
interactions or adsorption mechanisms taking place between solutes and column gel as this
will affect elution time and separation will no longer be purely size dependent. Detection was
by differential refractive index (DRI).
The existence of a distribution of chain lengths is an important feature of polymeric
dispersants. The number average molecular weight, Mn, is the simple arithmetic mean of the
size of the molecules present, which can be defined by:
i
ii
N
MN
Mn
2
2
= 4.2
where Mi is the molar mass of the molecular species I and Ni is the number of molecules i in
the sample. The weight average molecular weight Mw, can be defined by:
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The quantity of Mw is always greater than Mn, except for a monodisperse system. The ratio
Mw/Mn is a measure of the polydispersity of the system and is a useful measure of the breadth
of the molecular weight distribution. The value of Mw is greatly influenced by the presence
of high molecular weight species and Mn is influenced by species at the low end of the
molecular weight distribution curve.
Dispersant samples were dissolved in decalin and then diluted with 10 mL THF. 100 µL was
injected into the GPC column, using THF as eluent at 1 mL/min. The decalin elution peak
was used as an internal standard. The molecular weight of each of the peaks in the elution
profile and the average molecular weight (Mw and Mn) of the polyhydroxystearic acid could
be determined by comparison with a calibration standard whose molecular weight distribution
was determined by nuclear magnetic resonance (NMR) spectroscopy.
Individual peaks could be easily identified, up to the heptamer oligomer of the PHS 3500 and
PHS 1400 dispersants (Figure 4.4), beyond which the resolution of the column was exceeded
and the distribution merged into a ‘polymer mass’ with no distinguishable individual peaks.
In addition to the linear polymer chains, a small peak is observed at around 17.3 minutes,
particularly distinguishable in the PHS 3500 sample. This was attributed to a cyclic dimer
component which had self esterified. There also appears to be a shoulder on the higher
molecular weight side of the dimer peak, suggesting the presence of cyclic trimer molecules
in the distribution. It is likely that these cyclic molecules also exist at higher molecular
weights, but at reducing ratios as the probability of this occurring reduces with increasing
chain length. The PHS 1400 sample has a lower maximum molecular weight and a higher
low molecular weight component than PHS 3500. As might be expected, the ISA sample was
predominantly monomeric, although there was evidence of a small oligomeric component.
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Table 4.2 Molecular weight characteristics of dispersant samples.
Dispersant Mn  Mw  Mw/Mn
ISA 284 284 1.0
PHS 1400 880 1400 1.6
PHS 3500 1900 3500 1.8
Stripped PHS
3500
2550 3850 1.5
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Figure 4.6 Comparison of the GPC elution profiles for 10.9 wt.%PHS 3500 (—), 10.9
wt.%PHS 1400 (), and 4.0 wt.% ISA ( ) in decalin.
4.3 Solubility Parameters
Solubility parameters for poly(hydroxystearic acid) and the solvents and relative solubility
parameters (T) for solvents relative to the dispersant were calculated as described in section
2.5 and are listed in Table 4.3 below.
monomer
dimer
trimertetramer
pentamer
hexamer
cyclic
dimer
heptamer
polymer
mass
cyclic
trimer
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Table 4.3 Hansen-Beerbower solubility parameters for the PHS and solvents.
Polymer/solvent T d p h T
Mesitylene 17.95 17.89 1.49 0.00 5.64
Decalin 17.74 17.74 0.00 0.00 5.68
Alkylbenzoate 19.65 19.13 1.73 4.12 1.99
squalane 15.88 15.88 0.00 0.00 6.10
PHS 19.00 18.13 0.86 5.60 -
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5. Results and Discussion
5.1 Dispersant Adsorption
5.1.1 GPC Adsorption Isotherms
5.1.1.1 Determination of dispersant solution concentration
Dispersant solution concentration was determined by comparing GPC elution refractive index
(RI) area measurement with those of a series of known concentrations of the same dispersant
in the same solvent as those under investigation. Calibration curves for each of the systems of
interest were established and a typical correlation is shown in Figure 5.1:
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Figure 5.1 GPC calibration of PHS 3500 dispersant in decalin.
It was found that variations in column pressure could result in differences in the RI area
calibration. For this reason calibration standards were run before and after each set of
samples were analysed to ensure accuracy of conversion from RI area to dispersant
concentration.
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In all cases regression analysis of the slopes showed good correlation to a linear relationship
between RI area and dispersant concentration, indicated on the graph by the r-squared value
approaching unity.
5.1.1.2 Adsorption kinetics
To establish a suitable time period between sample preparation and measurement of the
dispersant adsorption, isotherms were measured for a series of samples of titania dispersed in
decalin using polymeric dispersant PHS 3500 as a function of time (Figure 5.2). It was found
that there was very little difference in the isotherms after 2 hours and a stable isotherm was
established once the samples had been left to equilibrate overnight. Large polymers can take
a long period of time to reach adsorption equilibrium, but PHS 3500, although the largest of
the dispersants under investigation, is relatively small. All subsequent analyses were carried
out at least 16 hours following sample preparation.
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Figure 5.2 Adsorption of PHS 3500 to uncoated titania in decalin measured after an
equilibration period of 15 minutes (), 2 hours (), 16 hours (), 4 days (). Solid lines
were obtained from Langmuir fit (see section 5.1.1.3). Inset shows the true nature of the
correlation between experimental results and the Langmuir fit.
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5.1.1.3 Adsorption Isotherms for Uncoated Titania in Decalin and in Mesitylene
The adsorption curves were applied to the Langmuir equation (equation 2.15) i.e.:
m
e
me
e
Q
C
KQQ
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+=
1
Plotting of Ce/Qe versus Ce for all dispersants produced straight lines, from which values for
the Langmuir adsorption equilibrium constant (K) and for the monolayer capacity of the
adsorbent (Qm) were obtained from the intercept (1/QmK) and from the slope (1/Qm). As seen
in Figures 5.3 and 5.5, Langmuir isotherm appears to fit quite well with the experimental data
(R2>0.99). However, closer inspection of the correlation of experimental results with the
Langmuir curve in Figure 5.2 reveals that adsorption at low dispersant concentration is of
higher affinity than that predicted by application of the Langmuir equation. This can be
attributed to the polydisperse nature of the dispersant so that not all adsorbing molecules are
contributing equal adsorption mass (). Consequently, the values for the Langmuir
adsorption equilibrium constants and correlation coefficients which are listed in Appendix II
should be treated with caution.
Adsorption isotherms determined for dispersants ISA, PHS 1400, and PHS 3500 on to
uncoated titania in decalin and mesitylene are shown in Figures 5.4 and 5.6 below. In both
solvents, the maximum adsorbed amount, indicated in the isotherms by the plateau in mass
adsorbed per unit area at increasing equilibrium concentration, is greatest for PHS 3500 and
lowest for ISA, reflecting the average molecular weight of the dispersants.
Adsorbed amount at the particle surface is a function of molecular weight (and in the case of
the oligermerics, molecular weight distribution), solubility in the solvent (and therefore
relative solubility parameters) characterised by the Flory Huggins interaction parameter ,
affinity for the surface of the adsorbing functional group(s), and repulsion from the solvent of
this functional group. The adsorption mechanism of all three dispersants is likely to be
similar: they all have a single terminal acid group which can interact with hydroxyl groups at
the metal oxide surface with stabilising fatty chains extending in to the solvent. The observed
differences in the adsorption density of the same dispersants in the different solvents can be
attributed to differences in the relative solubilities. Comparison of solubility parameters
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reveals that solubility of the dispersants is greater in mesitylene than in decalin (Table 4.3).
Although the difference in T is not great, the presence of a polar component provides
greater compatibility between mesitylene and dispersant. It is therefore more energetically
advantageous for dispersant adsorption at the interface than remaining in solution when
dispersed in decalin than in mesitylene.
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Figure 5.3 Langmuir adsorption isotherms for data of ISA (), PHS 1400 (), and PHS 3500
() on uncoated titania in decalin.
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
0 20000 40000 60000 80000
Ce (mg/L)

(m
g/
m
2 )
Figure 5.4 Adsorption isotherms of ISA (), PHS 1400 (), and PHS 3500 () on uncoated
titania in decalin. Solid lines were obtained from Langmuir fit.
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Figure 5.5 Langmuir adsorption isotherms for data of ISA (), PHS 1400 (), and PHS 3500
() on uncoated titania in mesitylene.
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Figure 5.6 Adsorption isotherms of ISA (), PHS 1400 (), and PHS 3500 () on uncoated
titania in mesitylene. Solid lines were obtained from Langmuir fit.
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5.1.1.4 GPC elution profiles
GPC analysis of the equilibrium dispersant solution of the adsorption isotherm experiments
was found to not only provide information regarding equilibrium dispersant concentration, but
also to provide insight into the effect of dispersant molecular weight distribution upon
polymer adsorption. Figure 5.7 shows the GPC elution curves for each point of the PHS 3500
adsorption isotherm determined for titania in decalin. At low dispersant to solids ratio it
appears that all dispersant is adsorbed at the surface, although some of the cyclic dimer
remains unadsorbed. Comparison with that obtained for non-adsorbed PHS 3500 reveals that
even at high dispersant to solids ratio all the monomeric component in the distribution is
missing from the equilibrium solution, whereas the peaks relating to the high molecular
weight polymers appear, indicating that monomer is adsorbed preferentially at the particle
surface. As dispersant concentration increases, the high molecular weight molecules increase
in concentration at a greater rate than the smaller molecules, resulting in molecular weight
distribution skewed in favour of the larger molecules.
Similar behaviour was observed for PHS 1400 adsorption to titania. The effect of the greater
ratio of monomer and low molecular weight oligomers to high molecular weight polymerics
can be seen in Figure 5.8, where the smaller molecules are more in evidence at relatively low
dispersant to solids ratios. The ISA can be seen to exhibit a single narrow elution peak at all
equilibrium concentrations (Figure 5.9), reflecting its monomeric nature. A similar pattern
was observed for adsorption of dispersants to titania in mesitylene (Figures 5.10, 5.11, 5.12).
The removal of much of the low molecular weight material from the PHS 3500 equilibrium
solutions in decalin and mesitylene has revealed the presence of cyclic trimer molecules
(Figures 5.7 and 5.10) and to a lesser extent from PHS 1400 in the two solvents (Figures 5.8
and 5.11) which are otherwise not easily detectable. It is clear that these cyclic compounds
are less inclined to adsorb to the titania than the linear molecules and reveals something of the
predominant adsorption mechanism involved, i.e. interaction of the carboxyl group with the
surface.
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Figure 5.7 GPC elution profiles of the equilibrium supernatant following the adsorption of
PHS 3500 to titania in decalin. Samples were prepared at 30 wt.% titania dispersed with
increasing weight concentrations of PHS 3500 in decalin of: 1.09% (), 2.14% (), 3.50%
(), 4.94% (—), 9.11% (—), 13.71% (), 13.82% (no titania) (). 
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Figure 5.8 GPC elution profiles of the equilibrium supernatant following the adsorption of
PHS 1400 to titania in decalin. Samples were prepared at 30 wt.% titania dispersed with
increasing weight concentrations of PHS 1400 in decalin: 0.97% (), 2.22% (), 3.69%
(), 5.96% (), 9.84% (), 14.19% (), 14.19% (no titania) (). 
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Figure 5.9 GPC elution profiles of the equilibrium supernatant following the adsorption of
ISA to titania in decalin. Samples were prepared at 30 wt.% titania dispersed with increasing
weight concentrations of ISA in decalin: 0.98% (), 2.56% (), 4.84% (), 8.60% (),
13.41% (), 13.41% (no titania) (). 
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Figure 5.10 GPC elution profiles of the equilibrium supernatant following the adsorption of
PHS 3500 to titania in mesitylene. Samples were prepared at 30 wt.% titania dispersed with
increasing weight concentrations of PHS 3500 in mesitylene: 0.91% (), 2.30% (), 3.75%
(), 5.95% (), 9.80% (), 14.26% (), 14.26% (no titania) (). 
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Figure 5.11 GPC elution profiles of the equilibrium supernatant following the adsorption of
PHS 1400 to titania in mesitylene. Samples were prepared at 30 wt.% titania dispersed with
increasing weight concentrations of PHS 1400 in mesitylene: 1.07% (), 2.26% (), 3.73%
(), 5.83% (), 9.79% (), 14.05% (), 14.05% (no titania) (). 
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Figure 5.12 GPC elution profiles of the equilibrium supernatant following the adsorption of
ISA to titania in mesitylene. Samples were prepared at 30 wt.% titania dispersed with
increasing weight concentrations of ISA in mesitylene: 1.01% (), 2.12% (), 4.48% (),
6.48% (), 9.47% (), 14.57% (), 14.57% (no titania) (). 
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5.1.1.5 Dispersant Adsorption Molecular Weight Dependence
Displacement of PHS 3500 by ISA: A series of samples were prepared at 31 wt.% titania
with constant dispersant levels (PHS 3500 to titania weight ratio 0.32) in decalin and were
allowed to equilibrate for two days, after which they were diluted to 30 wt.% with solutions of
increasing concentrations of ISA. The samples were allowed to equilibrate for a further 5
days before GPC analysis was carried out on the supernatant of each following centrifugation
(Figure 5.13). This PHS 3500 concentration lies on the adsorption plateau where maximum
surface adsorption was observed previously for this system (Figure 5.4).
It was found that at low addition of ISA, much of the monomeric fatty acid had been adsorbed
at the titania surface, apparently displacing the higher molecular weight molecules. This
indicates that adsorption of the smaller molecules is preferential, as observed previously in the
distribution of molecular weights of the oligomeric dispersants remaining in the equilibrium
supernatant. This also suggests that preferential adsorption of monomer is a result not only of
enhanced mobility and steric effects (larger, bulkier molecules are more crowded at the
surface; it can be envisaged that smaller molecules would pack more efficiently at the
surface), but that there is also an energetic advantage to their adsorption.
For adsorption of molecules with multiple functional groups available for coordination with
the surface, large molecules will have a higher affinity for the surface than the shorter chains.
Thus, in a polydisperse system it is both enthalpically and entropically more favourable for
the longer chains to adsorb at the interface. In the current experiments, where there is only
one functional group (i.e. the COOH group), the smaller molecules were preferentially
adsorbed at the particle surface and displacement by the larger molecules did not occur.
Furthermore, addition of monomeric ISA to a stable PHS 3500 system resulted in the
displacement of some of the larger molecules.
However, even at low ISA addition, the appearance of a peak corresponding to the monomer
was observed on the equilibrium GPC elution profile, indicating that some of the ISA remains
unadsorbed and unable to displace the larger molecules to allow its full adsorption. This may
be an indication of a stronger adsorption mechanism in the case of some of the PHS 3500
molecules for which their adsorption is energetically more advantageous than their
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displacement by smaller molecules. Previous studies of the coordination of stearate to
alumina coated titania found that attachment of carboxylate was by chelation to aluminium
and titanium at the particle surface (Egerton et al, 2005; Capelle et al, 2003), although this
was for the case of precipitation of stearate under controlled pH and temperature conditions
for the coating of particles in the aqueous phase. DRIFT analysis of stearic acid bound to
alumina revealed both monodentate and bidentate interaction of the carboxylate with surface
oxygen atoms (Lim et al, 2007). A number of possible interactions between carboxylic acid
head groups and the surface have been suggested (Figure 5.14) 
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Figure 5.13 GPC elution profiles showing the effects of addition of increasing
concentrations of ISA to samples of titania dispersed with PHS 3500 in decalin with PHS
3500 to titania ratio of 0.32. Each samples was initially prepared at 31 wt.% titania and then
diluted to 30 wt.% titania with increasing concentrations of ISA in decalin resulting in ISA to
titania ratios of: 0.00 (), 0.02 (), 0.04 (), 0.06 (), 0.08 (), 0.10 ().
Chapter 5 Results and Discussion
______________________________________________________________________
Page 114
Figure 5.14 Possible interactions between carboxylic acid head group and the surfaces of
metal oxides (from Ling et al, 2007; Egerton et al, 2005; Capelle et al, 2003)
5.1.1.6 Adsorption mechanism
The mechanism of attachment of the dispersant molecules to the metal oxide surface was
investigated using PHS 3500 esterified with methanol to remove the acid group from the
dispersant (MePHS 3500). The adsorption isotherm of this methyl ester of PHS 3500 on to
titania in decalin was then investigated in the normal way by GPC analysis and compared
with that of the acid functional PHS 3500 (Figure 5.15).
It was found that there was still some affinity for the metal oxide surface, although this had
been much reduced compared to the equivalent fatty acid. This suggests that, although
adsorption is predominantly by acid-base interaction with surface hydroxyl groups, this is not
the only mechanism by which adsorption can occur. Adsorption by association of other polar
groups present on the poly(hydroxystearic acid) (i.e. OH groups) with the metal oxide surface
may also take place, as indicated in Figure 5.14.
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Figure 5.15 Adsorption isotherms of unfractionated Me-PHS 3500 (), fractionated Me-
PHS 3500 (), and PHS 3500 () on uncoated titania in decalin. Solid lines were obtained
from Langmuir fit.
A comparison of the PHS 3500 and PHS 3500 methyl ester GPC traces (Figure 5.16) reveals
that the molecular weight distribution of the two dispersants is very similar. However,
comparison of the GPC traces of the supernatants of each of the plots on the isotherm for
MePHS 3500 (Figure 5.17) with those for PHS 3500 (Figure 5.7) indicates that the adsorption
mechanism is quite different. It was found that, whereas adsorption of PHS 3500 was
preferential for smaller molecules, in the case of the methyl ester it would appear, at least at
relatively low dispersant to solids ratio, adsorption preference was for the larger molecules.
This higher affinity of the larger molecules for the surface suggests that adsorption is by
multiple attachment points on the polymer chain, shifting the entropic advantage away from
the smaller molecules favoured in the case of fatty acid adsorption.
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Figure 5.16 GPC elution profiles for 12.4 wt.% PHS 3500 (—), PHS 3500 methyl ester (AV
= 3.1) (—), and fractionated PHS 3500 methyl ester (AV = 0) (—) in decalin.
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Figure 5.17 GPC elution profiles of the equilibrium supernatant following the adsorption of
PHS 3500 methyl ester to titania in decalin. Samples were prepared at 30 wt.% titania
dispersed with increasing concentrations of Me-PHS 3500 in decalin: 0.99% (—), 1.93% (—
), 3.53% (—), 5.93% (—), 8.26% (—), 8.26% (no titania) (—). 
Chapter 5 Results and Discussion
______________________________________________________________________
Page 117
5.1.1.7 PHS 3500 Desorption
The reversibility of the adsorption of PHS 3500 to titania was investigated by preparing a
series of samples of 30 wt.% titania with dispersant to titania ratio of 0.30. Samples were
diluted with decalin by increasing amounts so that the equilibrium concentration was
progressively reduced with each sample. A desorption isotherm was then determined by GPC
analysis in the usual way and compared with the adsorption isotherm for PHS
3500/titania/decalin (Figure 5.18).
Dilution appears to have caused desorption of the dispersant from the particle surface.
However, due to the polydispersity of the dispersant and the nature of preferential adsorption,
the shape of the elution profile of a diluted sample of the desorption isotherm differs
substantially with that of a similar equilibrium concentration from an adsorption isotherm
(Figure 5.19). Although the resolution of the elution profiles is not great at such low
concentration, it can be seen that the molecular weight distribution of the diluted desorption
sample is very similar to that of an undiluted sample from the desorption isotherm
experiment.
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Figure 5.18 Adsorption isotherm () and desorption isotherm () for PHS 3500 on
uncoated titania in decalin. Solid line obtained from Langmuir fit for adsorption.
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Figure 5.19 Comparison of GPC elution profiles showing molecular weight distribution of
a sample from the desorption isotherm for PHS 3500 from titania in decalin (—) compared
with a sample of similar equilibrium concentration from an adsorption isotherm (—). Also
shown is the elution profile for an undiluted sample from the desorption isotherm experiment
(scaled down for comparison) (—).
5.1.1.8 Dispersant surface coverage
The area occupied per adsorbed dispersant molecule (	0) can be determined from:
Am NQ
Mn 10 = 5.1
where Mn is the number average molecular weight of the dispersant, Qm is the maximum
amount of dispersant adsorbed per unit area of solid (g m-2) and NA is Avogadro’s number.
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The surface coverage of the titania particles determined by experiment can thus be used to
compare effective area occupied per molecule with the theoretical area of adsorbing
functional groups from the dimensions of the dispersant molecules. A schematic of an
isostearic acid molecule is shown in Figure 3.1 and includes the approximate molecular
dimensions.
The results in Table 5.1 show the area occupied at the titania particle surface as a function of
the solvent. Values for PHS 1400 and PHS 3500 have been calculated assuming dispersant
weight average molecular weight of 880 and 1900, respectively, as determined by GPC
analysis. The cross sectional area of the isostearic acid molecule is approximately 0.2 nm2
(Figure 3.1). It can be seen that 	0 for ISA in decalin is slightly less than that in mesitylene,
but in both cases is more than twice that of the cross sectional area of the molecule and
greater than the average of 0.24 nm2 occupied per adsorbed molecule of different short chain
fatty acids at the oil/water interface determined previously (Chatterjee and Chatteraj, 1968).
This indicates less dense packing than predicted from carboxylate dimensions, possibly due to
molecular bulkiness contributed to by branching. Also, previous studies of stearate
coordination to alumina and titania surfaces found evidence of bridging of single stearate
molecules with two metal atoms occurred, reducing maximum coverage of the particle surface
(Figure 5.14). The difference between 	0 and molecular dimensions is seen to increase as
dispersant molecules increase in size, as does the difference between values for similar
molecules in the different solvents. The 	0 values calculated for the oligomeric dispersants
have been determined assuming that the average molecular weight of the dispersant before
exposure to titania is representative of the distribution of molecules adsorbed at the surface. It
has already been determined by examination of the GPC elution profiles obtained above that
this is not the case and that adsorption by the low molecular weight component of the
dispersants is preferred. However, it can be seen that as dispersant average molecular weight
increases, the average area occupied at the particle surface by each molecule also increases,
despite the assumption that the anchoring group is the same in each case and that
conformation of the molecules is perpendicular to the surface. It may be assumed that as the
molecular weight increases, the molecules become bulkier and packing at the surface is less
efficient, resulting in fewer molecules adsorbing at the interface. Furthermore, in the more
favourable solvent, fewer molecules adsorb as a result of improved solubility of the
dispersant.
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Table 5.1 Effective area occupied by the adsorbed dispersant molecule, 0, at the titania
surface as a function of solvent.
Area occupied by dispersant molecule 0, nm2
Dispersant
Decalin Mesitylene
ISA 0.49 0.52
PHS 1400 1.09 1.33
PHS 3500 1.81 2.35
5.1.2 Acid Value Adsorption Isotherms
5.1.2.1 Acid Value Titration
Adsorption isotherm determination by the GPC technique was unsuitable for the emollient oil
systems due to the interference by the (relatively large) solvent molecules which shared a
retention time in the column similar to that of the monomeric component of the dispersants.
For this reason, dispersant concentration and hence adsorbed amount of the emollient oil
systems was determined by acid value titration for each of the systems investigated. It was
found that the alkylbenzoate solvent possessed an acid value (presumably due to the presence
of residual non-esterified benzoic acid) and it was necessary to subtract this value from the
supernatant acid value to provide an indication of dispersant concentration.
5.1.2.2 Adsorption Isotherms
Adsorption isotherms for PHS 3500, PHS 1400 and ISA onto silica/alumina coated titania
(FPT1) in alkylbenzoate and in squalane are shown in Figures 5.20 & 5.21. It was found that
there was a large solvent dependence upon adsorption density for each of the dispersants.
Adsorption from alkylbenzoate was of much lower affinity than from squalane which showed
higher adsorption values. This can be understood in terms of the relative solubility of the
dispersants in the oils (Table 4.3). It can be seen that the total (Hildebrand) solubility
parameters (T) of alkylbenzoate and PHS are most alike; the difference in T between PHS
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and squalane is much greater. This similarity in the van der Waals forces of dispersant and
alkylbenzoate suggests that the dispersant will be more soluble in this solvent than in
squalane. Also, when the Hildebrand solubility parameter is broken down into the
contributing addends for each of the materials, it can be seen that there is a contribution to the
van der Waals forces present in the molecules of the esters from hydrogen bonding and polar
components which are not present in squalane. These differences in solubility will inevitably
affect the driving force of the dispersant to the particle surface and the conformation of
adsorbed dispersant molecules.
These adsorption curves were were applied to the Langmuir equation, as described in section
5.1.1.3. It was found that Langmuir isotherm fits well with the experimental data. Further
details may be found in Appendix II, in which values for the Langmuir adsorption equilibrium
constants and correlation coefficients are listed.
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Figure 5.20 Adsorption isotherms of ISA (), PHS 1400 (), and PHS 3500 () on FPT1 in
alkylbenzoate. Solid lines were obtained from Langmuir fit.
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Figure 5.21 Adsorption isotherms of ISA (), PHS 1400 (), and PHS 3500 () on FPT1 in
squalane. Solid lines were obtained from Langmuir fit.
The results plotted in Figures 5.22, 5.23, and 5.24 show a comparison of the adsorption
isotherms for PHS 3500, PHS 1400 and ISA to FPT1 in mesitylene determined by acid value
titration and by GPC. The large discrepancies in the adsorbed amounts for the oligomeric
dispersants can be attributed to the preferential adsorption of low molecular weight dispersant
molecules to the particle surface, as seen in GPC elution results for adsorption to uncoated
titania. The acid value titration method determines acid concentration remaining in the
equilibrium solution following adsorption and separation of the solid and liquid phases by
centrifugation. The amount of dispersant in the equilibrium solution is determined assuming
equal adsorption probability regardless of molecular weight of the dispersant and therefore
assumes that the same molecular weight distribution is present in the equilibrium solution as
in the pure dispersant prior to any adsorption process. This is then used to calculate amount
of dispersant adsorbed at the particle surface. As a consequence, the titrimetric technique is
inclined to over estimate adsorbed amount, as the larger unadsorbed molecules contribute
more to the mass of dispersant but significantly less to the acid value per unit mass than the
smaller, adsorbed molecules. Although there is room for more of the smaller molecules at the
surface, reflected in the calculated effective occupied area (Table 5.2), the consequent
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reduction in acid value of the equilibrium solution is more than compensated for by the
contribution to mass of the larger molecules.
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Figure 5.22 Adsorption isotherms of PHS 3500 on FPT1 in mesitylene measured by acid
value titration (), and GPC (). Solid lines were obtained from Langmuir fit.
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Figure 5.23 Adsorption isotherms of PHS 1400 on FPT1 in mesitylene measured by acid
value titration (), and GPC (). Solid lines were obtained from Langmuir fit.
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Figure 5.24 Adsorption isotherms of ISA on FPT1 in mesitylene measured by acid value
titration (), and GPC (). Solid lines were obtained from Langmuir fit.
Table 5.2 Comparison of effective area occupied by the adsorbed dispersant molecule in
mesitylene, 0, calculated from GPC and titrimetric adsorption isotherm determination
methods.
Area occupied by dispersant molecule in mesitylene 	0, nm2
Dispersant
GPC Acid value titration
ISA 0.38 0.38
PHS 1400 1.24 0.83
PHS 3500 2.29 1.35
The differences between acid value and GPC adsorption isotherms reduces as average
molecular weight of the dispersant decreases and the distribution is weighted in favour of the
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monomeric and low weight oligomers. Adsorption isotherm of ISA almost reaches parity
between the techniques. This is not surprising, considering the monomeric and thus
monodisperse nature of the ISA.
It can be seen that the acid value titrimetric technique does not provide accurate information
regarding the packing of the dispersant molecules on the surface in the case the oligomeric
dispersants, when each molecule possesses the same number of acid functional groups
regardless of size. However, information regarding adsorption trends can be useful.
5.2 Rheology
5.2.1 Titania in decalin and mesitylene
The effect of solvent properties and dispersant molecular weight upon the dispersion was
investigated by rheological techniques. In each case both steady shear and oscillatory
techniques were used.
5.2.1.1 Dispersant demand evaluation
The optimum dispersant concentration was determined for each dispersion system by
comparing rheological properties over a range of dispersant concentrations whilst maintaining
constant solids loading.
5.2.1.1a Flow behaviour
The effect of PHS 1400 dispersant concentration upon the steady shear curves for the system
40 wt.% uncoated titania in decalin and in mesitylene is shown in Figures 5.25 & 5.26
respectively. It can be seen that at low dispersant concentration the dispersions exhibited very
high viscosity at low shear and even at relatively high shear, compared with dispersions
prepared at higher dispersant concentration. The curves exhibit a constant “zero shear”
viscosity plateau at low stress until a yield point is reached, beyond which the viscosity
reduces sharply. This effect is most dramatic at low dispersant concentration. These zero
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shear viscosities (0) were used as a measure of sample performance to evaluate effect of
dispersant concentration in the dispersant demand curves in Figure 5.27. 
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Figure 5.25 Steady shear curves of uncoated titania dispersed in decalin as a function of
PHS 1400 concentration. Dispersant to titania weight ratios of 0.10 (), 0.125 (), 0.15 (),
0.20 (), 0.25 (), 0.30 (x).
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Figure 5.26 Steady shear curves of uncoated titania dispersed in mesitylene as a function of
PHS 1400 concentration. Dispersant to titania weight ratios of 0.10 (), 0.12 (), 0.15 (),
0.20 (), 0.30 (x).
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Figure 5.27 Dispersant demand curves for titania dispersed using PHS 1400 as dispersant
in decalin () and in mesitylene ().
It was found that there was very little difference in the performance of the dispersions
prepared in decalin and in mesitylene using PHS 1400 as dispersant, with an optimum
dispersant / titania ratio lying in the region of 0.12 for PHS 1400 in both mesitylene and
decalin. Once the optimum dispersant concentration was reached, viscosity was observed to
increase slightly with increasing dispersant addition.
The effect of PHS 3500 concentration on the steady shear curves for titania in decalin and in
mesitylene is shown in Figures 5.28 & 5.29 respectively. Once again, a reduction in the zero
shear viscosity plateau and in yield point of the dispersions was observed with increasing
dispersant concentration, until an optimum was reached at which point viscosity was at a
minimum (Figure 5.30). Beyond this optimum, zero shear viscosity and yield point were
found to increase at a greater rate than that observed for PHS 1400. There was little
difference between the samples dispersed in decalin and mesitylene.
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Figure 5.28 Steady shear curves of uncoated titania dispersed in decalin as a function of
PHS 3500 concentration. Dispersant to titania weight ratios of 0.10 (), 0.13 (), 0.15 (),
0.20 (),0.25 (), 0.30 (x).
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Figure 5.29 Steady shear curves of uncoated titania dispersed in mesitylene as a function of
PHS 3500 concentration. Dispersant to titania weight ratios of 0.10 (), 0.13 (), 0.15 (),
0.20 (),0.25 (), 0.30 (x).
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Figure 5.30 (a) Dispersant demand curves for TiO2 dispersed using PHS 3500 as
dispersant in decalin () and in mesitylene (); (b) comparison of titania PHS 3500 in
mesitylene dispersant demand (closed symbol) with the adsorption isotherm for PHS 3500 to
titania in mesitylene (open symbol). Dispersant to titania ratios in the dispersant demand
curve have been converted to equilibrium concentration, assuming similar adsorption
performance for these samples as those prepared for the isotherm measurement.
5.2.1.1b Dynamic Behaviour
The viscoelastic behaviour of the samples of titania dispersed in decalin and in mesitylene
with PHS 1400 and PHS 3500 was examined. An amplitude sweep was initially performed
on the fully structured samples by oscillating at a fixed frequency (1 Hz) and slowly
increasing the applied stress. This enabled the linear viscoelastic region (LVR) of the moduli
to be determined so that a fixed strain within this structured region could be used in the
frequency sweep measurements. An example of an amplitude sweep experiment, indicating
the LVR, may be found in Appendix III. Figures 5.31 to 5.34 show the results of the
oscillation measurements performed by sweeping the frequency between 0.01 Hz and 10 Hz
within the LVR for each sample. These frequency sweep measurements provide information
about the gel strength of the samples.
The function G” can be converted to the dynamic viscosity ’ using:
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
 "' G= 5.2
where  is the angular frequency of the oscillation. The dynamic viscosity determined at
frequency 0.16 Hz (i.e at 1 rads-1) was plotted against dispersant concentration (Figures
5.35(a) & 5.36(a)) to produce dispersant demand curves from the dynamic measurement data
for the dispersions in decalin and in mesitylene. It can be seen that these results agree well
with those obtained by steady shear analysis (Figures 5.27 & 5.30) for the identification of
minimum viscosity and hence optimum dispersant concentration. A similar trend was
observed when the value of the elastic modulus at 1 rads-1 was plotted against dispersant to
titania ratio (Figures 5.35(b) & 5.36(b)). 
 
The general trend of these oscillation measurements is for the elastic modulus to dominate the
viscous modulus of the lowest dispersant concentration samples (ratio 0.10) and for these
moduli to show little variation over the range of frequencies of the test. This suggests highly
elastic behaviour, even at very low frequency, indicative of a gel structure. The exception to
this is the dispersion in decalin at 0.10 PHS 1400 to titania. In this case, the moduli were
observed to converge at low frequency which suggests that at very long timescales the
behaviour of the dispersion may become predominantly viscous.
In all cases, the optimum dispersant concentration was quickly reached beyond the initial
measurement at 0.10 dispersant to titania ratio. The predominantly viscous behaviour over
the experimental frequency range indicates that the particles are well dispersed as attractive
particle interactions have been minimised for the system. The magnitude of the moduli was
also observed to reduce to a minimum at optimum dispersant concentration and to be very
frequency dependent. This situation remained for the PHS 1400 dispersed samples at all
dispersant concentrations beyond the optimum. For dispersions containing PHS 3500, an
increase in dispersant beyond the optimum concentration was found to result in an increase in
the magnitude and a reduction in the frequency dependence of the moduli. Also, at high PHS
3500 concentration the moduli converged within the frequency range of the experiment,
resulting in predominantly elastic behaviour at high frequency. This indicates the onset of
repulsive behaviour and the establishment of a repulsive gel.
Chapter 5 Results and Discussion
______________________________________________________________________
Page 131
(a)
1
10
100
1000
10000
100000
0.01 0.1 1 10
Frequency Hz
G
'
G
"
Pa
(b)
0.000001
0.00001
0.0001
0.001
0.01
0.1
1
10
100
1000
10000
100000
0.01 0.1 1 10
Frequency Hz
G
'
G
"
Pa
(c)
0.000001
0.00001
0.0001
0.001
0.01
0.1
1
10
100
1000
10000
100000
0.01 0.1 1 10
Frequency Hz
G
'
G
"
Pa
(d)
0.000001
0.00001
0.0001
0.001
0.01
0.1
1
10
100
1000
10000
100000
0.01 0.1 1 10
Frequency Hz
G
'
G
"
Pa
(e)
0.000001
0.00001
0.0001
0.001
0.01
0.1
1
10
100
1000
10000
100000
0.01 0.1 1 10
Frequency Hz
G
'
G
"
Pa
(f)
0.000001
0.00001
0.0001
0.001
0.01
0.1
1
10
100
1000
10000
100000
0.01 0.1 1 10
Frequency Hz
G
'
G
"
Pa
Figure 5.31 Storage (G’: open symbols) and loss (G”: closed symbols) moduli for 40wt.%
titania dispersed in decalin at various PHS 1400 to tiania ratio: 0.100 (a), 0.125% (b), 0.150
(c), 0.200 (d), 0.250 (e), 0.300 (f) as a function of frequency.
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Figure 5.32 Storage (G’: open symbols) and loss (G”: closed symbols) moduli for 40wt.%
titania dispersed in decalin at various PHS 3500 to titania ratios: 0.10 (a), 0.13 (b), 0.15 (c),
0.20 (d), 0.25 (e), 0.30 (f) as a function of frequency.
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Figure 5.33 Storage (G’: open symbols) and loss (G”: closed symbols) moduli for 40wt.%
titania dispersed in mesitylene at various PHS 1400 to titania ratios: 0.10 (a), 0.12 (b), 0.15
(c), 0.20 (d), 0.30 (e) as a function of frequency.
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Figure 5.34 Storage (G’: open symbols) and loss (G”: closed symbols) moduli for 40wt.%
titania dispersed in mesitylene at various PHS 3500 to titania ratios: 0.10 (a), 0.13 (b), 0.15
(c), 0.20 (d), 0.25 (e), 0.30 (f) as a function of frequency.
On addition of excess dispersant one can suppose that the particles gain an extended
stabilisation layer and these thick adsorbed polymer layers begin to overlap and a repulsive
gel is formed. The effects of this can be clearly observed when directly comparing dispersant
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demand curves for PHS 1400 and the larger PHS 3500 in both solvents in Figures 5.35 &
5.36, with addition of PHS 3500 beyond the optimum value resulting in a sharper increase in
’ than that observed for the smaller PHS 1400 molecule.
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Figure 5.35 Comparison of dispersant demand curves produced by oscillation
measurements for titania dispersed using PHS 1400 () and PHS 3500 () as dispersant in
decalin: ’ (a) and G’ at 1 rads-1 (b).
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Figure 5.36 Comparison of dispersant demand curves produced by oscillation
measurements for titania dispersed using PHS 1400 () and PHS 3500 () as dispersant in
mesitylene: ’ (a) and G’ at 1 rads-1 (b).
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5.2.1.2 Titania Load Effects
The effect of titania load upon the dispersion rheology was investigated at constant dispersant
to solids ratio at the optimum dispersant concentration for the oligomerics. Isostearic acid
(ISA) at 0.1 ISA:titania ratio was also used as an example of a low molecular weight fatty
acid dispersant. In this way, the dispersant molecular weight and solvent effects could be
evaluated. Solids loading at non-optimised dispersant (PHS 3500) concentration was also
investigated.
5.2.1.2a Dynamic Measurements
Figures 5.37 & 5.38 show the effect upon viscoelastic behaviour of the increasing titania load
in decalin and in mesitylene using a constant ISA to titania weight ratio of 0.1 in both
systems. It was found that, even at relatively high solids loading both dispersions maintained
a predominantly viscous nature over the frequency range of the experiments.
A comparison of the dynamic viscosity determined at frequency 0.16 Hz (i.e at 1 rads-1)
plotted against weight percent solids loading (Figure 5.39) reveals that there is very little
difference in viscosity over the range of solids loads measured for both solvent systems,
particularly at low solids load. However, there appears to be a sharper increase in viscosity at
higher loading for the dispersion in mesitylene, suggesting a greater restriction on maximum
titania load for this solvent.
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Figure 5.37 Storage (G’: open symbols) and loss (G”: closed symbols) moduli for titania
dispersed in decalin at increasing solids load weight % at a constant ISA to titania ratio of
0.10: 35% (a), 42.2% (b), 48.6% (c), 50.7% (d), 57.2% (e) as a function of frequency.
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Figure 5.38 Storage (G’: open symbols) and loss (G”: closed symbols) moduli for titania
dispersed in mesitylene at increasing solids load weight % at a constant ISA to titania ratio of
0.1: 35% (a), 45% (b), 50% (c), 50.5% (d), as a function of frequency.
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Figure 5.39 Dynamic viscosity of increasing titania loadings at ISA to titania ratio of 0.1
dispersed in decalin () and mesitylene ().
The dynamic moduli curves for titania dispersed in decalin and in mesitylene using PHS 1400
at a ratio of 0.15 are plotted in Figures 5.40 & 5.41. In both solvents, the viscous modulus
dominates the elastic component over the experimental frequency range at relatively low
titania load. At the higher loading of 52 wt.% in decalin it can be seen that the moduli
converge and cross at high frequency. In mesitylene the elastic modulus has become
dominant once titania load has reached 50 wt.%, with frequency independent moduli response
evident over the experimental frequency range. These effects upon solids load capacity can
be clearly seen in the solids load curves plotted for the two solvents (Figure 5.42).
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Figure 5.40 Storage (G’: open symbols) and loss (G”: closed symbols) moduli for titania
dispersed in decalin at increasing solids load weight % at a constant PHS 1400 to titania
ratio of 0.15: 35% (a), 40% (b), 45% (c), 47.5% (d), 50.3% (e), 52% (f) as a function of
frequency.
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Figure 5.41 Storage (G’: open symbols) and loss (G”: closed symbols) moduli for titania
dispersed in mesitylene at increasing solids load weight % at a constant PHS 1400 to titania
ratio of 0.15: 35% (a), 40% (b), 45% (c), 47.5% (d), 50% (e) as a function of frequency.
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Figure 5.42 Dynamic viscosity of increasing titania loadings at PHS 1400 to titania ratio of
0.15 dispersed in decalin (x) and mesitylene ().
The effects upon solid load capacity of using the larger PHS 3500 dispersant in the two
solvents are evident in the dynamic measurements plotted below (Figures 5.43, 5.44 & 5.45)
and in the solids loading curves (Figure 5.46). High magnitude moduli, predominantly elastic
systems are reached at relatively low solids load, restricting the solids load capacity. When
dispersant concentration was increased beyond the optimum limit determined previously to a
dispersant to titania ratio of 0.30, it was found that this restricted the solids load capacity of
the dispersion in decalin even further (Figures 5.45 & 5.46). It can be seen that optimising
dispersant for both size of molecule and concentration is an important step in achieving
maximum solids load by minimising interparticle interactions and improving the packing of
the particles.
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Figure 5.43 Storage (G’: open symbols) and loss (G”: closed symbols) moduli for titania
dispersed in decalin at increasing solids load weight % at a constant PHS 3500 to titania
ratio of 0.15: 35% (a), 37.5% (b), 40% (c), 42.5% (d), 45% (e), 47.5% (f) as a function of
frequency.
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Figure 5.44 Storage (G’: open symbols) and loss (G”: closed symbols) moduli for titania
dispersed in mesitylene at increasing solids load weight % at a constant PHS 3500 to titania
ratio of 0.15: 35% (a), 37.5% (b), 40% (c), 42.5% (d), 45% (e) as a function of frequency.
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Figure 5.45 Storage (G’: open symbols) and loss (G”: closed symbols) moduli for titania
dispersed in decalin at increasing solids load weight % at a constant PHS 3500 to titania
ratio of 0.30: 35% (a), 37.5% (b), 40% (c), 42.5% (d) as a function of frequency.
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Figure 5.46 Dynamic viscosities measured at 1 rad for titania loading at PHS 3500 to
titania ratio of 0.15 dispersed in decalin () and mesitylene () and PHS 3500 titania ratio of
0.30 in decalin (x).
The volume fraction () of the solids load dispersions was calculated assuming titania density
of 4 g mL-1. By plotting moduli against  for each of the systems it was possible to determine
the point at which the moduli cross over so that G’ becomes the dominant modulus (Figures
5.47 & 5.48; Table 5.3). This is the point at which the dispersion changes from viscous to
elastic and hence the point at which interpenetration and compression of the stabilising layers
commences (crit). The dominance of the elastic modulus is observed as a gelled suspension.
In decalin (Figure 5.47), a sufficiently high solids loading was not reached for the smaller
dispersants to allow the onset of repulsive interaction of the stabilising layers: the onset of
gelation was observed for the PHS 3500 systems only. For mesitylene, interaction was
observed to occur at lower solids for both the oligomeric dispersants and this point could be
determined from dynamic measurements for PHS 1400 and PHS 3500 (Figure 5.48).
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Table 5.3 crit determined for titania dispersed in mesitylene and in decalin determined
from plots of moduli vs.  for various dispersion systems.
0.10 ISA 0.15 PHS 1400 0.15 PHS 3500 0.30 PHS 3500
crit decalin > 0.23 > 0.19 0.166 0.136
crit mesitylene > 0.21 0.176 0.152 N/A
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Figure 5.47 Variation of G* (*), G’ (), and G” () with  at  = 1 rads-1 with dispersant
to solids ratios of: 0.10 ISA (a), 0.15 PHS 1400 (b), 0.15 PHS 3500 (c), 0.30 PHS 3500 (d) in
decalin.
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Figure 5.48 Variation of G* (*), G’ (), and G” () with  at  = 1 rads-1 with dispersant
to solids ratios of: 0.10 ISA (a), 0.15 PHS 1400 (b), 0.15 PHS 3500 (c) in mesitylene.
5.2.1.2b Steady Shear Measurement
For each of the dispersion systems the effect of solids loading upon the rheology of the
dispersions was measured by steady shear method. Relative viscosity (r) was determined by
normalising the measured viscosity of each system for the viscosity of the dispersing medium,
i.e r = dispersion/medium. Relative viscosity versus shear stress for increasing volume fraction
of titania dispersed using ISA, PHS 1400, and PHS 3500 in decalin (Figures 5.49 through
5.52) and in mesitylene (Figures 5.53 through 5.55) are plotted below.
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Figure 5.49 The log – log plots of relative viscosity as a function of shear stress for the
various titania  dispersed with 0.10 ISA to titania ratio in decalin: 0.088 (), 0.106 (),
0.122 (), 0.127 (), 0.143 ().
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Figure 5.50 The log – log plots of relative viscosity as a function of shear stress for the
various titania  dispersed with 0.15 PHS 1400 to titania ratio in decalin: 0.088 (), 0.100
(), 0.113 (), 0.119 (), 0.126 ().
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Figure 5.51 The log – log plots of relative viscosity as a function of shear stress for the
various titania  dispersed with 0.15 PHS 3500 to titania ratio in decalin: 0.088 (), 0.094
(), 0.106 (), 0.113 (), 0.119 ().
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Figure 5.52 The log – log plots of relative viscosity as a function of shear stress for the
various titania  dispersed with 0.30 PHS 3500 to titania ratio in decalin: 0.088 (), 0.094
(), 0.100 (), 0.106 ().
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Figure 5.53 The log – log plots of relative viscosity as a function of shear stress for the
various titania  dispersed with 0.10 ISA to titania ratio in mesitylene: 0.088 (), 0.113 (),
0.125 (), 0.138 ().
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Figure 5.54 The log – log plots of relative viscosity as a function of shear stress for the
various titania  dispersed with 0.15 PHS 1400 to titania ratio in mesitylene: 0.088 (), 0.100
(), 0.113 (), 0.119 (), 0.125 ().
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Figure 5.55 The log – log plots of relative viscosity as a function of shear stress for the
various titania  dispersed with 0.15 PHS 3500 to titania ratio in mesitylene: 0.088 (), 0.094
(), 0.100 (), 0.106 (), 0.113 ().
These steady shear measurements revealed an apparently Newtonian region at low shear at
which the internal friction of the particles is at its maximum. Beyond this zero shear rate
limiting viscosity (0), the viscosity decreases with shear rate at intermediate shear. Very
high shear rates should result in an apparently constant (low) viscosity when internal friction
is at minimum due to the alignment of particles to the flow plane, but in many cases here the
angular velocity of the rheometer measuring system exceeded the maximum instrument
setting and the run was terminated before this region was reached.
The zero shear viscosity was used to determine the effect upon the stabilising layer thickness
() and effective volume fraction (eff) of particles with radius a for each of the dispersants in
the different solvent systems. The effective volume fraction for spheres is given by equation
2.32 as described in section 2.6.14 i.e.:
3
1 


 +=
a
eff

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Although these particles are quite clearly non-spherical (Figure 4.2), information regarding
the influence of the various dispersants in the different solvents can still be gleaned by
applying the above relationship. It is important to remember that values determined for steric
layer thickness are not necessarily absolute values, but performance of the systems may be
compared.
As molecular weight increases from monomeric ISA through PHS 1400 to PHS 3500,  also
increases and consequently the effective volume fraction. This can be seen to have a
significant effect upon the rheology as dispersant molecular weight increases (Figures 5.56 &
5.57). The weight ratio of 0.15 for PHS 3500 and PHS 1400 was found by dispersant demand
determination (Figures 5.27 & 5.30) to be near the optimum for viscosity of the dispersions.
However, this is well below full coverage of the particle, which was found to be in the region
of 0.30 as determined by GPC adsorption isotherm (Figures 5.4 & 5.6). At this concentration
solids loading is severely limited.
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Figure 5.56 Relative viscosity versus volume fraction of titania for dispersions of titania in
decalin stabilised with dispersant to solids ratios of: 0.10 ISA (), 0.15 PHS 1400 (), 0.15
PHS 3500 (), 0.30 PHS 3500 ().
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Figure 5.57 Relative viscosity versus volume fraction of titania for dispersions of titania in
mesitylene stabilised with dispersant to solids ratios of: 0.10 ISA (), 0.15 PHS 1400 (),
0.15 PHS 3500 ().
The region of zero shear viscosity of these solids loading samples was used to determine the
maximum solids core volume fraction (core max) for each of the dispersion systems. This
provides information regarding the size of the stabilising layer provided to the particles by the
different dispersant sizes and in different solvent environments. This was achieved by
application of the Krieger-Dougherty equation described in section 2.6.14 (equation 2.34) i.e.:
[ ] max
max
1











=r
where [] is the intrinsic viscosity (equal to 2.5 for hard spheres). The maximum solids load
for each system was determined from plots of 1/(r)1/2 versus  to achieve a curve with slope
K, and extrapolation to 1/(r)1/2 = 0 using the empirical procedure described by Prestidge and
Tadros (1987) (Figures 5.58 & 5.59) i.e.:
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2/1
max )/( rK  += 5.3
By extrapolating these curves to the  intercept the maximum packing fraction can be
estimated (Table 5.4). As dispersant molecular weight increases, the maximum packing
fraction decreases as expected due to the subsequent increase in eff with increase in .
Additionally, it was found that increasing PHS 3500 concentration to achieve maximum
surface coverage (as per the adsorption isotherm (Figure 5.2)) resulted in a much reduced
coremax, indicating that the denser dispersant layer at the particle surface has resulted in an
increase in . This increase in steric layer thickness (~ 1.5 nm) increased max sufficiently to
cause a dramatic increase in dispersion viscosity.
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Figure 5.58 Reciprocal square root of relative viscosity as a function of volume fraction for
dispersions of titania in decalin stabilised with dispersant to solids ratios of: 0.10 ISA (),
0.15 PHS 1400 (), 0.15 PHS 3500 (), 0.30 PHS 3500 ().
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Figure 5.59 Reciprocal square root of relative viscosity as a function of volume fraction for
dispersions of titania in mesitylene stabilised with dispersant to solids ratios of: 0.10 ISA (),
0.15 PHS 1400 (), 0.15 PHS 3500 ().
Table 5.4 Maximum core volume fraction achieved for each of the dispersant systems in
decalin and in mesitylene determined from 0 values. Values for  were calculated assuming
max = 0.62 (monodisperse spheres) and max = 0.317 (from max for ISA in mesitylene,
assuming  = 2.55).
Dispersant 0.10 ISA 0.15 PHS 1400 0.15 PHS 3500 0.30 PHS 3500
Decalin max 0.255 0.187 0.164 0.138
 nm at max = 0.620 6.89 9.66 11.16 13.00
 nm at max = 0.317 1.50 3.72 4.91 6.39
Mesitylene max 0.221 0.176 0.148 N/A
 nm at max = 0.620 8.21 10.43 12.24 N/A
 nm at max = 0.317 2.55 4.33 5.78 N/A
The value for max determined here is much lower than that predicted by theory. For mono-
disperse spheres, maximum volume fraction is around 0.62 at low shear; this increases further
for a polydisperse system. It may be assumed that the discrepancies between theory and the
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max values determined experimentally are due to the contribution to the effective volume
fraction of the adsorbed stabilising molecules. It should also be noted that the particles under
investigation are not spherical, but are composed of essentially irreversibly aggregated
anisotropic crystals.
Solubility parameters calculated for decalin and for mesitylene were calculated and compared
with that for PHS (Table 4.3) to attempt to explain the differences in rheological behaviour of
the particles dispersed in the two solvents. There was very little difference in dispersant
demand for each of the oligomeric dispersants in the two solvents. This is perhaps
unsurprising when one compares T and T of the solvents with PHS.
Differences between the two solvents did, however, manifest themselves in the solids loading
effects. It was found that the steric layer thickness  could be varied by altering the dispersant
molecular weight and the dispersion medium (and hence the solvency of the stabilising
chain), indicated by the way dispersion rheology was affected. For all of the dispersants a
higher core max could be achieved in decalin than in mesitylene. It was found in the adsorption
isotherm work that adsorption of all three dispersants to the titania was higher in decalin than
in mesitylene. This suggests that the driving force for surface adsorption is greater in decalin
due to rejection of the dispersant, or at least the carboxyl attachment group from the solvent.
Although T and T are very similar for the two solvents, it is the polar contribution to
solubility that makes mesitylene a better solvent for the fatty acid (lower ).
The Krieger-Dougherty relationship may be used to determine a value for  from the solids
loading viscosity effects and the particle packing characteristics. The relationship is well
understood for spherical particles, but packing of non-spherical and irregular particle shapes is
less well defined. The high maximum packing fractions achieved for dispersions of spherical
particles depend upon packing geometry and particle size distribution. In theory, non-
spherical particles will not pack so well and hence max will be lower.
The assumption of max = 0.62 for the titania particles dispersed in decalin with ISA results in
a calculated value for  of 6.89 nm, three times larger than that calculated for the length of the
molecule from the sum of the bond lengths (Figure 3.3). The value is even greater for the
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dispersion in mesitylene, indicating that max and hence  are dependent upon solvent, as may
be expected from the relative solvency data. It may be assumed, then, that the maximum
packing fraction of these rods is not the same as that for spheres (i.e. 0.62). The length of the
fully extended ISA molecule is estimated at ~2.55 nm from bond lengths and this was
assumed to be the value of  for in the mesitylene dispersion of titania using this dispersant.
This value is similar to the steric length of oleic acid in the stabilisation of alumina particles,
previously reported by Bergstrom et al (1992). The corresponding eff calculated from the
maximum core packing fraction was assumed to be the value of max for the titania
dispersions, allowing eff to be calculated for each of the samples studied.
Values of r have been plotted against experimental eff in Figure 5.60. These data have been
compared with the theoretical plot using the Krieger Dougherty equation. A poor fit was
achieved when assuming an intrinsic viscosity value of 2.5, equal to that for spherical
systems, unsurprisingly for these dispersions of rod shaped particles. A better fit was
observed when using [] = 5: this value is similar to that previously reported for rod shaped
particles in cement slurry (Struble & Sun, 1995). For the decalin-PHS 3500 dispersions and
mesitylene-PHS 1400 and PHS 3500 dispersions, the maximum measured  values were
higher than that determined by extrapolation of the regression line to the  axis (Figures 5.58
& 5.59). At high  values there will be some compression and interpenetration of the steric
layers, causing a reduction in  and enabling a dispersion with  greater than that which
would be possible if these were hard sphere systems. For these points, eff was recalculated
from the Krieger Dougherty equation with a compressed  value. The higher measured value
for r than those derived theoretically can be accounted for in terms of repulsive interactions
as a result of steric layer interpenetration, resulting in the predominantly elastic systems
observed in dynamic measurements. A comparison of the steric layer interpenetration points
(crit), determined from dynamic measurement of the solids loading dispersions, with max,
determined by application of the Krieger-Dougherty model to the steady shear measurements,
reveals that these occur at approximately the same . That there is a measurable cross-over of
moduli suggests that  must continue beyond the point of interpenetration/compression of the
polymer layers, hence exceeding the estimate of max.
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Figure 5.60 Relative viscosity versus effective volume fraction for dispersions in mesitylene
(closed symbols) and decalin (open symbols) at dispersant to titania ratios of 0.10 ISA (/),
0.15 PHS 1400 (/), 0.15 PHS 3500 (/), and in decalin at PHS 3500 to titania ration
0.30 (x) determined from 0 values. Faint line is drawn using the Krieger Dougherty
equation assuming [] = 2.5 (appropriate for spheres); bold line [] = 5 (appropriate for
rods).
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When the Krieger Dougherty equation was applied to the same dispersions at high shear rate
it was found from the plots of 1/(r)1/2 against core  that core max increased compared to the
values determined at 0 (Figures 5.61 and 5.62; Table 5.5). If it is assumed that effective max
remains constant at 0.317, as determined for the titania dispersed in mesitylene with ISA, then
this would suggest that  decreases at higher shear (Table 5.5), as has been reported
previously (Struble and Sun, 1995). However, intrinsic viscosity may also be affected by
shear (Hunter, 1987; Hinch, 1972). Anisotropic particles tend to be aligned by the applied
shear, thus reducing [] compared to random orientation. The experimental results in the
high shear region compare well with a Krieger Dougherty derived curve when [] = 5 (Figure
5.63), apparently the same as for the low shear results. In addition, it has been determined
previously that max increases with shear (Krieger and Dougherty, 1959; Krieger, 1972;
Barnes et al, 1989) as particles pack more densely and anisotropic particles are aligned with
the flow when high shear is applied. This increase in core max is likely to be due to a
combination of these effects.
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Figure 5.61 Reciprocal square root of relative viscosity measured at 1000 s-1 as a function
of volume fraction for dispersions of titania in decalin stabilised with dispersant to solids
ratios of: 0.10 ISA (), 0.15 PHS 1400 (), 0.15 PHS 3500 ().
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Figure 5.62 Reciprocal square root of relative viscosity measured at 1000 s-1 as a function
of volume fraction for dispersions of titania in mesitylene stabilised with dispersant to solids
ratios of: 0.10 ISA (), 0.15 PHS 1400 (), 0.15 PHS 3500 ().
Table 5.5 Maximum core volume fraction achieved for each of the dispersant systems in
decalin and in mesitylene determined from  values at high shear rate (1000s-1). Values for 
were calculated assuming max = 0.317 (from the maximum max for ISA in mesitylene,
assuming  = 2.55).
Dispersant 0.10 ISA 0.15 PHS 1400 0.15 PHS 3500
Decalin max 0.291 0.210 0.191
 nm at max = 0.317 0.57 2.96 3.70
Mesitylene max 0.260 0.195 0.163
 nm at max = 0.317 1.36 3.50 4.97
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Figure 5.63 Relative viscosity versus effective volume fraction for dispersions in mesitylene
(closed symbols) and decalin (open symbols) at dispersant to titania ratios of 0.10 ISA (/),
0.15 PHS 1400 (/), 0.15 PHS 3500 (/)determined from  values at high shear rate
(1000s-1). Dashed line is drawn using the Krieger Dougherty equation assuming [] = 2.5
(appropriate for spheres); solid line [] = 5 (appropriate for rods).
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Not withstanding the errors implicit in the assumptions required for the application of the
Krieger-Dougherty equation to these results, relative values for  reveal that the difference
between PHS 1400 (weight average molecular weight ~ 1400) and PHS 3500 (weight average
molecular weight ~ 3500) are not as great as might be expected from the ratio of molecular
weight. Reference to the GPC elution profiles for these two dispersants reveals that both
dispersants are polydisperse systems, possessing high molecular weight polymer molecules.
The spread of molecular weights in PHS 1400 is less than that for PHS 3500, but it is the
larger proportion of low molecular weight molecules that has the greatest effect upon the
calculated average. Although preferential adsorption of low Mw components was observed,
in both cases adsorption involved the full range of molecular weights available, inevitably
resulting in the presence of the largest polymers at the interface which will contribute to the
size of .
5.2.2 Displacement of PHS 3500 by ISA
A sample of 45 wt.% titania in decalin at PHS 3500 to titania ratio 0.30 was prepared by
milling. This dispersion was then separated into 6 samples, to which increasing
concentrations of ISA were added. All samples were then diluted with decalin to 40 wt.%
titania. After being allowed to equilibrate for two days the rheology of each sample was
measured using the steady shear method. The zero shear viscosity of these samples is plotted
against ratio of ISA to titania in Figure 5.64. It was found that increasing ISA concentration
resulted in a decrease in 0, progressing towards a low viscosity plateau at high ISA addition.
This confirms the displacement effects observed in the adsorption isotherm work, with
replacement of the larger molecules in the PHS 3500 distribution with monomer resulting in a
decrease in .
Chapter 5 Results and Discussion
______________________________________________________________________
Page 164
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
0.00 0.02 0.04 0.06 0.08 0.10
ISA to titania ratio

0
Pa
.
s
Figure 5.64 Effect of addition of ISA upon 0 of 40 wt.% titania dispersions prepared in
decalin at PHS 3500 to titania ratio of 0.30.
5.2.3 FPT1 in Alkylbenzoate and in Squalane
5.2.3.1 Dispersant demand evaluation
The effect of ISA concentration upon the steady shear curves for the system 30 wt.% FPT1 in
alkylbenzoate is shown in Figure 5.65. As applied for the uncoated titania, 0 for each sample
was used to compare dispersion performance. Viscosity of this dispersion remained so high,
even when dispersant concentration was optimised, that this solids load was found to be the
maximum achievable: higher solids concentration resulted in blockage of the mill when
processing was attempted.
For the dispersions of FPT1 in alkylbenzoate using the oligomeric PHS 1400 and PHS 3500
as dispersants, it was possible to achieve a higher powder concentration (40 wt.%) and still
maintain relatively low viscosity even at non-optimised dispersant concentration (Figures 5.66
& 5.67).
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Figure 5.65 Steady shear curves for 30 wt.% FPT1 dispersed in alkylbenzoate as a function
ISA concentration. Dispersant to titania weight ratios of 0.02 (), 0.04 (), 0.06 (), 0.10
(), 0.13 (), 0.165 (x).
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Figure 5.66 Steady shear curves for 40 wt.% FPT1 dispersed in alkylbenzoate as a function
PHS 1400 concentration. Dispersant to titania weight ratios of 0.04 (), 0.06 (), 0.08 (),
0.10 (), 0.12 ().
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Figure 5.67 Steady shear curves for 40wt. % FPT1 dispersed in alkylbenzoate as a function
PHS 3500 concentration. Dispersant to titania weight ratios of 0.04 (), 0.05 (), 0.06 (),
0.08 (), 0.10 ().
For FPT1 in squalane, it was again found that use of monomeric ISA as a dispersant restricted
the solids loading of the dispersion. It can be seen in Figure 5.68 that even at 30 wt.% FPT1,
the zero shear viscosity is very high. Increase in dispersant molecular weight to PHS 1400
resulted in a substantial reduction in 0 (Figure 5.69), and solids load could be increased to 40
wt.%. With further increase in dispersant size to PHS 3500, it was found that 0 began to
increase once again (Figure 5.70).
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Figure 5.68 Steady shear curves for 30wt. % FPT1 dispersed in squalane as a function ISA
concentration. Dispersant to titania weight ratios of 0.06 (), 0.08 (), 0.10 (), 0.12 (),
0.16 (), 0.18 (x), 0.20 (+).
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Figure 5.69 Steady shear curves for 40wt. % FPT1 dispersed in squalane as a function
PHS 1400 concentration. Dispersant to titania weight ratios of 0.14 (), 0.16 (), 0.18 (),
0.20 (), 0.22 (), 0.24 (x), 0.26 (+).
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Figure 5.70 Steady shear curves for 40wt. % FPT1 dispersed in squalane as a function
PHS 3500 concentration. Dispersant to titania weight ratios of 0.17 (), 0.18 (), 0.20 (),
0.22 (), 0.24 (), 0.26 (x), 0.28 (+).
Figures 5.71 & 5.72 show the variation of 0 with dispersant loading of 30 wt.% for ISA and
40 wt.% for the oligomeric PHS 1400 and PHS 3500. It can be seen that 0 decreases very
rapidly with increase in dispersant loading from an initial low ratio until the viscosity reaches
a minimum at an optimum loading that depends upon the solvent used and the nature of the
dispersant. With the monomeric ISA, the minimum viscosity that could be reached at high
dispersant loading was very high (several orders of magnitude higher than those containing
the oligomerics), even though the solids loading was considerably less. This indicates poor
dispersion of the powder in both solvents. With oligomeric PHS 1400 and PHS 3500, a low
minimum viscosity was achieved at dispersant to solids ratio of 0.05 - 0.06 in alkylbenzoate
and ~ 0.18 (PHS 1400) and ~ 0.22 (PHS 3500) in squalane.
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Figure 5.71 Dispersant demand plots for FPT1 in alkylbenzoate showing 0 plotted against
ISA at 30wt. % FPT1 (), PHS 1400 at 40wt. % FPT1 (), PHS 3500 at 40wt. % FPT1 ()
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Figure 5.72 Dispersant demand plots for FPT1 in squalane showing 0 plotted against ISA
at 30wt. % FPT1 (), PHS 1400 at 40wt. % FPT1 (), PHS 3500 at 40wt. % FPT1 ().
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5.2.3.2 Solids Load Effects
Steady shear measurements were carried out on dispersions of various loadings of FPT1 using
the oligomeric dispersants at dispersant to solids weight ratio around the optimum, as
determined by dispersant demand evaluation (0.08 in alkylbenzoate and 0.22 in squalane).
The steady shear curves for relative viscosity were plotted (Figures 5.73 through 5.76) and 0
used to compare viscosity to produce solids loading curves for FPT1 in both solvents using
each of the dispersants (Figures 5.77 & 5.78).
In the case of squalane (Figure 5.78), solids loading became severely limited above  ~ 0.12
(~35 wt.%) for the higher molecular weight dispersant, whereas  = 0.19 (~50 wt.%) could be
easily achieved for the lower molecular weight polymer. In alkylbenzoate (Figure 5.77), the
dependence upon dispersant molecular weight was less pronounced, with both systems easily
achieving  = 0.14 (~ 40 wt.%). It appears that in squalane, the effective volume fraction due
to the adsorbed layer thickness shows a stronger dependence upon molecular weight than in
alkylbenzoate. In both solvents,  was restricted to a greater extent when using PHS 3500 as
dispersant as compared to when particles were dispersed using the lower molecular weight
PHS 1400 as a result of the increase in eff when larger stabilising molecules were employed.
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Figure 5.73 The log – log plots of relative viscosity as a function of shear stress for
dispersions in alkylbenzoate at PHS 1400 to FPT1 ratio of 0.08 at various solid loading:
0.075 (), 0.088 (), 0.100 (), 0.113 (), 0.119 ().
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Figure 5.74 The log – log plots of relative viscosity as a function of shear stress for
dispersions in alkylbenzoate at PHS 3500 to FPT1 ratio of 0.08 at various solid loading:
0.063 (), 0.075 (), 0.088 (), 0.100 (), 0.113 ().
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Figure 5.75 The log – log plots of relative viscosity as a function of shear stress for
dispersions in squalane at PHS 1400 to FPT1 ratio of 0.22 at various solid loading: 0.063
(), 0.075 (), 0.0875 (), 0.100 (), 0.113 (), 0.125 (x).
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Figure 5.76 The log – log plots of relative viscosity as a function of shear stress for
dispersions in squalane at PHS 3500 to FPT1 ratio of 0.22 at various solid loading: 0.063
(), 0.075 (), 0.088 (), 0.094 (), 0.100 ().
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Figure 5.77 Relative viscosity versus volume fraction of FPT1 for dispersions of titania in
alkylbenzoate stabilised with dispersant to solids ratios of: 0.08 PHS 1400 (), 0.08 PHS
3500 ().
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Figure 5.78 Relative viscosity versus volume fraction for dispersions of FPT1 in squalane
stabilised with dispersant to solids ratios of: 0.22 PHS 1400 (), 0.22 PHS 3500 ().
This concept of restricted solids loading due to enlarged hydrodynamic radius was developed
further by application of the Krieger-Dougherty model to determine maximum solids loading
in each case (Figures 5.79 & 5.80). By extrapolating these curves to the  intercept the
maximum packing fraction was estimated (Table 5.6).
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Figure 5.79 Reciprocal square root of relative zero shear viscosity as a function of volume
fraction for dispersions of FPT1 in alkylbenzoate stabilised with dispersant to solids ratios of:
0.08 PHS 1400 (), 0.08 PHS 3500 ().
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Figure 5.80 Reciprocal square root of relative viscosity as a function of volume fraction for
dispersions of FPT1 in squalane stabilised with dispersant to solids ratios of: 0.22 PHS 1400
(), 0.22 PHS 3500 ().
Table 5.6 Maximum core volume fraction achieved for each of the dispersant systems in
alkylbenzoate and in squalane. Values for  were calculated assuming eff = 0.62
(monodisperse spheres) and max = 0.317 (from core max for ISA in mesitylene, assuming  =
2.55).
Dispersant
0.08 PHS
1400
0.08 PHS
3500
0.22 PHS
1400
0.22 PHS
3500
alkylbenzoate max 0.198 0.168 N/A N/A
 nm at max = 0.620 14.82 17.44 N/A N/A

nm at max = 0.317 5.04 7.12 N/A N/A
squalane max N/A N/A 0.211 0.152
 nm at max = 0.620 N/A N/A 13.82 19.14

nm at max = 0.317 N/A N/A 4.26 8.45
The dispersant demand curves and solids loading curves indicate that a stable dispersion can
be achieved using the oligomeric PHS 1400 and PHS 3500 dispersants in both alkylbenzoate
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and in squalane. Addition of sufficient dispersant allows coverage of the particle surface and
results in a steric barrier which maintains a separation distance between the particles sufficient
to overcome van der Waals attractive forces, thus preventing aggregation. Both oligomers
were able to confer stability upon the particles, whereas the much smaller monomeric
Isostearic acid proved to be an inadequate stabiliser for the dispersion of FPT1 particles in
either alkylbenzoate or squalane, leading to aggregated dispersions with high viscosity, even
at relatively low solids loading. This was despite the apparent adequacy of the dispersant for
the smaller titania particles in decalin and in mesitylene. This may be with relation to the
attractive potential energy between particles which is a result of van der Waals forces
(equation 2.3) and is directly proportional to particle radius a i.e.:
h
AaVA 12
=
Thus it can be seen that at a separation distance of for instance 5 nm, the attractive potential
energy between two 20 nm particles will be nearly half that for two 32 nm particles (Figure
5.81).
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Figure 5.81 Attractive interaction potential energy in organic solvent between titania
particles a = 20 nm (—) and a = 32 nm (---). van der Waals attraction was calculated
assuming composite Hamaker constant of 2.13 x 10-20 J.
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If one considers the steric repulsive interaction of particles with an adsorbed layer of
hydrodynamic thickness  in equation 2.10 i.e.:
elastic
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it can be seen that steric repulsive interaction increases rapidly when the distance between
particles is below 2. The steric potential provided by ISA was insufficient to overcome the
attractive van der Waals forces of the larger particles due to the low value of /a provided by
the monomer for the larger particle. Particle attraction affected the rheology of the
dispersions at even maximum surface coverage such that dispersion preparation at low solids
(30 wt.%) proved difficult.
The differences between alkylbenzoate and squalane observed in the optimum dispersant
concentration required for minimum dispersion viscosity, ensuring stability of the particles,
can be understood by examining the adsorption isotherms (Figures 5.20 & 5.21) and the
relationship with relative solubility. The nature of the steric barrier depends upon the
solvency of the stabilising chains in the medium and is characterised by the Flory-Huggins
interaction parameter . Information on the value of  
for the two solvents can be obtained
from solubility parameter calculations. The results of these calculations are given in Table
4.3 for polyhydroxystearic acid, alkylbenzoate and squalane.
There are polar contributions to the solubility parameter T for both polyhydroxystearic acid
(PHS) and alkylbenzoate. In contrast, squalane, which is non-polar, has only a dispersion
contribution to T. The difference in the total solubility parameter T value is much smaller
for alkylbenzoate than squalane and is thus likely to be a better solvent for PHS. The higher
adsorption affinity of the dispersants in squalane than in alkylbenzoate observed previously
(Figures 5.20 & 5.21) indicates that that PHS finds adsorption at the particle surface
energetically more favourable than remaining in solution with squalane. The relative
difference in solvency for the PHS dispersants between alkylbenzoate and squalane will
inevitably have an effect on the conformation of the adsorbed layer. In squalane, the adsorbed
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polymer chain density is more than that of the diffuse polymer layer in alkylbenzoate at
optimum dispersant concentration as determined by dispersant demand evaluation. This is
illustrated in Figure 5.82 which shows a schematic representation of the adsorbed layers in the
two solvents. In each case, the higher molecular weight PHS 3500 produces a greater
hydrodynamic layer thickness.
It was found that a higher dispersant to solids ratio was required to achieve optimum
dispersion conditions in squalane than in alkylbenzoate, although the viscosity at this
optimum was similar in all cases. Adsorption isotherm results also revealed that a higher
dispersant loading was required to achieve the plateau value that indicates maximum surface
coverage of the particles in squalane. This would suggest that in the poorer solvent case, a
greater concentration of dispersant is required to minimise particle interactions. This can be
attributed to the conformation of the polymers at various dispersant loading in each of the
solvent environments. In the case of squalane, at low dispersant concentration the low
solvation of the polymer chains results in poor extension into the solvent and a flattened
conformation at the particle surface. This leads to a relatively thin steric layer around the
particle that is insufficient to maintain adequate particle separation to overcome the van der
Waals attractive force. At high dispersant concentration, the close packing of stabilising
molecules at the surface ensures a more perpendicular conformation, with an increased steric
barrier that is dependent upon dispersant molecular weight. The benefit of this steric barrier
is only realised at high surface coverage. For molecules with a single terminal attachment
group, such as fatty acids, the molecular weight of the dispersant will have a strong influence
upon the dispersant concentration required to achieve optimum dispersion – i.e. a similar
number of molecules will provide optimum conditions, regardless of the molecular weight,
although some increase in effective surface area occupied by the larger, bulkier molecules is
likely.
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PHS 1400 PHS 3500
Figure 5.82 Schematic of polymer adsorption at particle surface (a) well solvated polymer
results in diffuse layers (in alkylbenzoate); (b) polymers not well solvated and form dense
adsorbed layers in poorer solvent (squalane).
At relatively low dispersant concentration in alkylbenzoate, the polymer chains are better
solvated and a diffuse layer is present at the surface which provides sufficient stability to
prevent particle attraction. The lower adsorbed amount at maximum adsorption means that
the size of the steric barrier is less dependent upon stabilising chain length. In this case, more
of the lower molecular weight polymer molecules are required to confer similar stability to
the particles as the larger molecules. Dispersant concentration by mass of the different
molecular weight polymers at optimum in alkylbenzoate is thus less dependent upon
molecular weight than in the case of squalane.
(a)
(b)
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Application of Krieger-Dougherty to the dispersions prepared in alkylbenzoate and squalane
using the oligomeric dispersants PHS 3500 and PHS 1400 produces lower values of /a for
the larger FPT1 particles than those calculated for the titania particles in mesitylene and
decalin, resulting in larger values for  for the same dispersants. Values of  in alkylbenzoate
are lower than those in squalane, the poorer solvent of the two; for the comparison of
mesitylene and decalin,  values for the mesitylene dispersions are higher than those for the
poorer decalin versions. This reveals a peculiarity in the conformation of stabilising polymer
chains depending upon the relative solubility of the dispersant in the solvent. Comparison of
the relative solubility parameters for all the solvents in Table 4.3 reveals solubility of the PHS
dispersants to be in the order alkylbenzoate>mesitylene>decalin>squalane; the difference
between mesitylene and decalin is quite small, but it was found that this was sufficient to have
an effect upon dispersant adsorption and  values. The acid value adsorption isotherms for
squalane, mesitylene and alkylbenzoate and the GPC generated isotherms for decalin and
mesitylene reflect this order of solubility i.e. highest affinity in squalane; lowest in
alkylbenzoate. As solubility of the dispersant in solvent decreases from alkylbenzoate to
mesitylene and to decalin,  was found to decrease due to reduced solubility causing
stabilising chains to collapse on to the particle surface with decreasing solvation. However,
by the time solubility had fallen as far as the squalane case, the increased affinity of dispersant
molecules for the surface caused such crowding at the interface that stabilising chains were
forced to adopt an elongated conformation and  was found to rise once more. It should be
mentioned, however, that all solvents under investigation in this study may be described as
‘good’ solvents, in that the  values are less than 0.5 and have a positive steric effect. This is
consistent with the high dispersion stability observed in these solvents using the oligomeric
dispersants.
Using max = 0.317, as determined for titania in mesitylene using ISA, steric layer thickness
was calculated for PHS 3500 and PHS 1400 for the dispersions of FPT1 in alkylbenzoate and
in squalane. In this way eff could be determined and compared with the Krieger Dougherty
equation (Figure 5.83). Once again, it was found that when assuming [] = 2.5 the
experimental results did not fit with the theoretical results; [] = 6 gave a much better fit for
most of the experimental data. This is slightly higher than the [] value of 5 used to fit the
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uncoated titania dispersions to the Krieger-Doughert equation. This may be due to a greater
degree of anisotropy of the FPT1 particles, although this is not immediately obvious from a
comparison of the TEM images (Figures 4.2 and 4.3). Interestingly, the results for the PHS
3500-squalane dispersion appeared to disagree significantly with the results obtained for any
of the other systems measured. It would appear that max of this dispersion is greater than that
for the other dispersions, suggesting that the high adsorption density of PHS 3500 has caused
the value of  to increase to such an extent that h < 2. This increase in repulsive interactions
makes it difficult to apply the Krieger Dougherty equation. However, if the r value
determined by application of equation 2.34 coincides with the experimentally derived value at
the highest measured solids loading, a max value of 0.461 is obtained, assuming [] = 6
(Figure 5.84). eff and  for each of the solids loading samples were calculated (Table 5.7).
The value for  of 20.4 nm was much higher than that calculated for the PHS 3500
dispersions in the other solvents, but is similar to the size of ~ 22 nm for the fully extended
molecule calculated from bond lengths for a PHS molecule ~ 3500 Da. The  value appears
to reduce with increasing  as a consequence of the compression of the steric layer as solids
increases and particles approach each other very closely. A similar phenomenon has been
observed previously for PEO stabilised aqueous dispersions (Prestidge & Tadros 1988; Liang
et al, 1992).
Table 5.7 Effective volume fraction and adsorbed layer thickness values determined
using the Krieger Dougherty equation, used to fit the r-eff curves for FPT1 dispersed in
squalane with PHS 3500 dispersant.
r 
eff
(max = 0.317, d = 8.45 )
eff
(max = 0.461)

(max = 0.461)
32.7 0.075 0.152 0.330 20.4
69.9 0.094 0.191 0.362 18.1
130 0.116 0.234 0.382 15.6
401 0.127 0.257 0.408 15.2
927 0.139 0.281 0.422 14.3
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Figure 5.83 Relative viscosity versus effective volume fraction for FPT1 dispersions in
alkylbenzoate (closed symbols) and squalane (open symbols) at dispersant to FPT1 ratios of
0.08 PHS 3500 (), 0.08 PHS 1400 (), 0.22 PHS 3500 (), and 0.22 PHS 1400 (). Faint
line is drawn using the Krieger Dougherty equation assuming [] = 2.5 (appropriate for
spheres); bold line [] = 6 (appropriate for rods).
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Figure 5.84 Relative viscosity versus effective volume fraction of FPT1 dispersions in
squalane with PHS 3500 to FPT1 ratio of 0.22 derived experimentally assuming max = 0.317
(). Comparison with plots derived from the Krieger Dougherty equation for r from
experimental eff (solid line) and for eff from experimental r (+).
5.3 Atomic Force Microscopy
5.3.1 Interaction between surfaces in air
Interaction measurements were initially taken for the spherical silica particle with a 20 nm
coating of amorphous titania and rutile titania crystal sample in air. The force profile for
these surfaces can be seen in Figure 5.85. Close inspection of the interaction response for the
approach trajectory of the surfaces (inset) reveals that there is no interaction until surface
separation reaches approximately 80 nm, after which deflection of the cantilever towards the
sample surface due to van der Waals attractive forces between the surfaces can be observed,
until cantilever and sample are travelling linearly at zero separation. On separation, very
strong adhesion was observed so that cantilever deflection was greatly in excess of that noted
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for the approach. Eventually, sample retraction reached a distance at which the surfaces
snapped apart. This hysteresis in the force distance curves is the result of the tip remaining in
contact with the sample surface after the sample is retracted for the additional distance
required to generate a force in the cantilever equal to the adhesion force.
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Figure 5.85 Force distance interaction profile between amorphous titania coated silica
sphere and rutile titania sample crystal in air: () approach; () retract. Inset is an
expanded view of the attractive interaction upon approach.
In Figure 5.86 the theoretical van der Waals plot has been overlaid on the experimental results
for the approach trajectory. This was determined using the non-retarded Hamaker constant
(A) for titania (particle shell) against titania = 15.3 x 10-20 J (Bergstrom) in air in equation 5.4
(Derjaguin, 1934):
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where a is particle radius and D is the separation distance. It can be seen in Figure 5.86 that
there is not a particularly good fit between experimental results and the theoretical interaction
curve for titania in air. However, when a composite Hamaker constant including water is
substituted into equation 5.4 (for titania against titania across water = 5.35 x 10-20 J
(Bergstrom)), there is much better agreement between experimental and theoretical curves. It
is likely that the outer layers of the particle and sample are strongly hydrated, providing what
is effectively a layer of water on the interacting surfaces. There may also be some surface
roughness that is contributing to the discrepancy between theoretical dry particle interaction
and experimental results.
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Figure 5.86 Comparison of force-distance interaction experimental results for titania-
titania in air with theoretical van der Waals interaction across air () and across water ().
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5.3.2 Interaction between surfaces in solvent
The surfaces were then immersed in decalin and the measurement process repeated. Upon
retraction, adhesion of the surfaces can once again be observed (Figure 5.87), although to a
much lesser extent than in air. The attraction between surfaces in a solvent is a function of the
composite Hamaker constant:
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= AAAC 5.5
where A11 is the Hamaker constant of the dispersed material and A22 is the Hamaker constant
of the intervening medium. Decalin has a higher Hamaker constant than air, thus reducing the
attractive force. This, in addition to possible surface roughness of particle and sample crystal
has resulted in attractive interaction upon approach being no longer apparent.
The attractive interaction observed here indicates that titania particles dispersed in decalin
will experience attractive van der Waals forces, resulting in aggregation of the particles.
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Figure 5.87 Force distance interaction profile between amorphous titania coated silica
sphere and rutile titania sample crystal in decalin. () approach; () retract.
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5.3.3 Interaction between titania surfaces in dispersant solution
5.3.3.1 Polyhydroxystearic acid (PHS 3500)
The decalin was removed and replaced with a solution of 4.4 wt.% PHS 3500 in decalin and
allowed to equilibrate for 1 hour. Measurements were then repeated and plotted in Figure
5.88.
The effect of the adsorption of the polymeric can be seen to eliminate any apparent attraction
between the surfaces. Close investigation of the interaction response for the approach
trajectory of the surfaces reveals that there is repulsive interaction at a separation distance of
approximately 7nm. This is the point at which interaction of the adsorbed dispersant
molecules begins to manifest itself i.e. 2. A value of 4.91 nm was determined for PHS 3500
from the solids loading relationship for TiO2 dispersed in decalin (Table 5.4) As the surfaces
continue to approach, repulsive interaction is seen to increase until hard contact is established
when the lever and the surface move linearly. However, this is not necessarily the region at
which the probe and sample surfaces are in molecular contact, merely the region where
cantilever and piezo are moving linearly. The dispersant molecules present at the surfaces
will be sandwiched between sample and probe. It is not possible, therefore, to determine the
true adsorbed layer thickness using AFM, as has been observed previously (Musoke and
Luckham, 2004). The adhesion between the surfaces upon separation is no longer observed.
In addition, the interaction upon retraction is lower than that observed during approach,
indicating that dispersant molecules take some time to recover conformation after
compression of the adsorbed layers. The extended conformation appears to have returned by
the time of the next approach as results were repeatable for each approach-retraction cycle.
The probe and sample were left submerged in the solution overnight (16 + hours) and the
above experiment was repeated (Figure 5.89). Repulsive interaction upon approach was
found to occur at a separation distance of approximately 11 nm and it was found that the
hysteresis in the force distance curves had been largely eliminated during this period of
equilibration.
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Figure 5.88 Force distance interaction profile between amorphous titania coated silica
sphere and rutile titania sample crystal in decalin with adsorbed PHS 3500 after 1 hour
equilibration. () approach; () retract.
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Figure 5.89 Force distance interaction profile between amorphous titania coated silica
sphere and rutile titania sample crystal in decalin with adsorbed PHS 3500 after 16 hours
equilibration. () approach; () retract.
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5.3.3.2 Isostearic acid (ISA)
A similar experiment was carried out for a solution of isostearic acid in decalin. After an
equilibration period of one hour there was no hysteresis between approach or retraction
(Figure 5.90). There appears to be a small repulsive interaction at approximately 3nm
separation. This occurs at shorter distance than for PHS 3500 in the same system, as expected
for this monomeric dispersant, and this value for 2 agrees well with the length of the steric
layer determined by rheology ( = 1.5 nm).
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Figure 5.90 Force distance interaction profile between amorphous titania coated silica
sphere and rutile titania sample crystal in decalin with adsorbed ISA after 1 hour
equilibration: () approach; () retract.
The above results for titania in decalin with the dispersant molecules investigated (ISA and
PHS 3500) adsorbed at the surface indicates that particles dispersed in such a system would
be stable to aggregation. As might be expected, the larger PHS 3500 oligomers were
responsible for greater repulsion between the surfaces than the smaller monomeric ISA
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molecules. Although repulsive interactions were found to diminish when using the low
molecular weight dispersant (ISA), attractive interactions were still absent.
The elimination of the hysteresis between approach and retraction trajectories for the PHS
3500 system after equilibration overnight may be due to the rearrangement and ordering of
the dispersant molecules. GPC analysis of PHS 3500 has revealed a wide distribution of
molecular weights present, ranging from monomeric 12-hydroxystearic acid to larger
polymers of several thousand Mw. Adsorption isotherm investigation by GPC revealed that
complete adsorption is not instantaneous. The distribution of molecules available is likely to
lead to some rearrangement until optimum entropy is achieved for the system. The ISA
system shows no hysteresis after 1 hour equilibration. Full adsorption for these smaller,
monodisperse molecules is much faster than for the PHS 3500 dispersant.
5.3.3.3 Stripped PHS 3500
The above experiment was repeated using PHS 3500 stripped of monomeric and low
molecular weight oligomeric components (Figure 5.91) in decalin. No attractive interaction
was observed upon the approach trajectory, but upon retraction it appeared that there was
some adsorption that caused a negative energy interaction of approximately -2µJm-2. This
interaction is very different to that observed previously that was a result of van der Waals
adhesive energy. The probe appears to have been released from contact with the surface, but
is still tethered at a distance by the adsorbing polymers. Interaction energy eventually returns
to zero at around 120nm separation. Samples measured after 1 hour equilibration and those
left overnight (Figure 5.92) behaved very similarly.
A similar phenomenon was observed when the same experiment was carried out with stripped
PHS 3500 in mesitylene after an equilibration period of 1 hour (Figure 5.93). In this case it
appears that upon withdrawal beyond the equilibrium position at interaction energy = 0, the
cantilever parts from the surface to approximately 20nm with an interaction energy of ~ -5
µJ/m2. The probe then, as for the decalin example, takes some time to gradually return to the
equilibrium value at around 110nm separation of the surfaces.
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Figure 5.91 Force distance interaction profiles for titania in decalin with adsorbed PHS
3500 stripped of low molecular weight components (1 hour equilibration). () approach; ()
retract.
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Figure 5.92 Force distance interaction profiles for titania in decalin with adsorbed PHS
3500 stripped of low molecular weight components (overnight equilibration). () approach;
() retract.
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Figure 5.93 Force distance interaction profiles for titania in mesitylene with adsorbed PHS
3500 stripped of low molecular weight components (1 hour equilibration). () approach; ()
retract.
The onset of repulsive interactions upon approach of the surfaces occurred at around the same
separation distance as the standard PHS 3500 samples in decalin (Figure 5.89), despite the
distribution of molecular weights being higher for MePHS 3500. The higher average
molecular weight of the stripped dispersant means that it is likely that the molecular weight
distribution of dispersant molecules adsorbed at the surfaces will be shifted to higher Mw in
this case. If a greater proportion of large molecules are present at the surface (that are not
displaced by smaller molecules), this will restrict the number of molecules able to pack at the
surface. This phenomenon was observed when comparing adsorption isotherms of
dispersants with increasing average Mw (section 5.1). Lower density of adsorption generally
results in lower  for similar solvent conditions.
Potentially, this low adsorption density means that there is only partial coverage of the surface
by the polymer, revealing surfaces for bridging interactions to occur when the surfaces are
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forced together. Dispersant adsorption is primarily by interaction of the acid functional group
with basic sites at the titania surface. Bridging interactions would be very unlikely under
these circumstances, but adsorption isotherm investigation has revealed the potential for
adsorption by other means e.g. by hydrogen bonding between the particle surface and the
ester linkages along the oligomeric molecule. So, although adsorbed fatty acid molecules
have no available acid functionality for bridging interactions, this does not eliminate the
possibility. Bridging effects were not observed upon approach, but this may be due to the
rapid rate of approach in these experiments, as described for PEO bridging interactions
observed previously during AFM experiments (Braithwaite & Luckham, 1997). Also,
attractive interactions were not observed for the approach of surfaces in decalin in the absence
of dispersant (Figure 5.87), possibly due to surface roughness effects masking such
interactions.
These bridging interactions may have implications for particles dispersed in such systems,
particularly at high particle loading when the probability of interactions is high. A dispersant
with a distribution of molecular weights that includes low Mw oligomers and monomers
appears to be preferable to a narrower distribution at high Mw. ISA as dispersant apparently
provides the most favourable conditions for these systems, with minimum repulsive
interactions whilst eliminating attraction between surfaces.
5.4 UV/vis Attenuation
The effects of solvent properties and dispersant concentration and molecular weight were
examined using UV/vis attenuation of the suspension as a measure of dispersion quality. The
direct relationship between particle size and UV/vis attenuation properties can be used to
determine the degree of aggregation and consequently the relative stability of the system.
Low particle size with narrow size distribution in a well dispersed system provides a spectrum
with high UV attenuation, with maximum attenuation wavelength decreasing with decrease in
particle size. Also, absence of large (pigmentary size) particles from the distribution will
result in a high degree of transparency in the visible region.
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5.4.1 UV/vis and Dispersion Stability
Figures 5.94 & 5.95 are UV/vis attenuation spectra for the corresponding samples prepared
for the PHS 3500 demand curves plotted as a result of rheological measurements in Figure
5.30. At PHS 3500 to titania ratio of 0.05 high solids dispersions proved to be difficult to
achieve and milling had to be abandoned due to blockage of the mill. The poor UV/vis
attenuation indicates significant particle aggregation. As dispersant concentration is increased
UV attenuation is seen to improve, although at a ratio of 0.10 the dispersions have still not
been optimised and a degree of aggregation is evidenced by the relatively poor attenuation
curves (low UV attenuation and high visible scattering). As the PHS 3500 to titania ratio is
increased to 0.15 and dispersant concentration approaches the optimum level determined by
rheological dispersant demand evaluation, optimised attenuation properties (high UV, low
visible attenuation) are achieved.
This behaviour is further illustrated in Figures 5.96 & 5.97 in which maximum attenuation
(max) and attenuation in the visible region at 524 nm (524) are plotted. An initially low max
and high 524 quickly reach a plateau, beyond which further dispersant addition does not
improve attenuation properties for mesitylene and only very slight improvement is achieved
for decalin. Similar behaviour was observed for dispersions of titania in decalin and
mesitylene with PHS 1400 dispersant (Figures 5.98 & 5.99).
Figures 5.100 & 5.101 show comparisons of the spectra achieved for the dispersions in
decalin and mesitylene respectively at ISA to titania ratio of 0.10 with those for the optimised
PHS 3500. These spectra compare well and the good attenuation properties indicate well
dispersed, stable systems.
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Figure 5.94 UV/vis attenuation spectra for milled dispersions in decalin for PHS 3500 to
titania ratios of 0.05 (), 0.10 (), 0.15 (), 0.20 (), 0.25 (), 0.30 ().
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Figure 5.95 UV/vis attenuation spectra for milled dispersions in mesitylene for PHS 3500
to titania ratios of 0.05 (), 0.10 (), 0.15 (), 0.20 (), 0.25 (), 0.30 ().
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Figure 5.96 max () and 524 () as a function of PHS 3500 to titania ratio in decalin.
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Figure 5.97 max () and 524 () as a function of PHS 3500 to titania ratio in mesitylene.
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Figure 5.98 max () and 524 () as a function of PHS 1400 to titania ratio in decalin.
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Figure 5.99 max () and 524 () as a function of PHS 1400 to titania ratio in mesitylene.
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Figure 5.100 UV/vis attenuation spectra for milled dispersions in decalin for PHS 3500 to
titania ratios of 0.15 () and ISA to titania ratio of 0.10 (—).
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Figure 5.101 UV/vis attenuation spectra for milled dispersions in mesitylene for PHS 3500
to titania ratios of 0.15 () and ISA to titania ratio of 0.10 (—).
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A similar development in attenuation quality with increase in oligomeric dispersant loading
was observed for the dispersions of FPT1 in alkylbenzoate and in squalane. At very low
dispersant concentration, high solids dispersion could be achieved only with difficulty and the
particles were aggregated, as demonstrated by the attenuation spectra (Figure 5.102) and plots
of max and 524 against dispersant concentration (Figure 5.103). Optimised attenuation
properties were achieved above PHS 1400 to FPT1 ratio 0.08. It was found that milling of the
dispersions was a critical step in effective dispersion of the particles in the solvent to ensure
that aggregates were broken down into their constituent nanoparticles. A simple unmilled
mixture had poor attenuation properties, even at PHS 1400 to FPT1 ratio of 0.14 (Figure
5.102).
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Figure 5.102 UV/vis attenuation spectra for milled dispersions in alkylbenzoate for PHS
1400 to FPT1 ratios of 0.01 (), 0.02 (), 0.04 (), 0.06 (), 0.08 (), 0.10 (), 0.12
(), 0.14 (), 0.14 unmilled ().
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Figure 5.103 max () and 524 () as a function of PHS 1400 to FPT1 ratio in alkylbenzoate.
Achieving a milled dispersion using monomeric ISA as dispersant proved difficult due to the
very high dispersion viscosity, even at relatively low FPT1 load (30 wt.%) and at ISA to
FPT1 ratio of 0.20. This ISA to FPT1 ratio is well beyond the optimum identified by
rheological dispersant demand evaluation, but the corresponding UV/vis attenuation curves
(Figure 5.104) indicate that this molecule does not provide a sufficient barrier to aggregation,
such that poor attenuation properties result (low UV, high visible attenuation) relative to the
well dispersed systems.
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Figure 5.104 UV/vis attenuation spectra for milled dispersions in alkylbenzoate at PHS 1400
to FPT1 ratio of 0.14 (—), and ISA to FPT1 ratio 0.20 (); milled dispersions in squalane at
PHS 1400 to FPT1 ratio 0.22 (), and ISA to FPT1 ratio 0.20 ().
A comparison of UV/vis properties (524) and rheological performance (0) for increasing
PHS 3500 to titania ratios is shown in Figure 5.105. It was found that optimum rheological
performance was achieved at PHS 3500:titania = 0.13, but that optimum spectral performance
had not quite been reached by this point. Further addition of dispersant resulted in a slight
reduction in 524 towards the optimum for spectral performance. Although dispersion
viscosity has reached a minimum at PHS 3500:titania = 0.13, there may still be some
aggregated particles that were not adequately dispersed during dispersion preparation due to
insufficient dispersant. Alternatively, this may be an indication that there is some dilution
instability at this dispersant concentration due to the very high dilution (x ~ 20 000) required
for transmission of light through the suspension.
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Figure 5.105 Comparison of dispersion 0 from steady shear measurements () with 524
from UV/vis measurement () for increasing PHS 3500 to titania ratio in mesitylene.
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Figure 5.106 Comparison of spectral performance (524)() at various PHS 3500
concentrations with the adsorption isotherm for PHS 3500 to titania in mesitylene (). PHS
3500 to tiania ratios for the samples prepared for UV/vis and rheology assessment have been
converted to equilibrium concentration, assuming similar adsorption performance for these
samples as those prepared for adsorption isotherm measurement.
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Some instability may be expected if one compares the spectral performance curve
superimposed on the adsorption isotherm for PHS 3500 to titania in mesitylene (Figure
5.106). This indicates that dispersion performance approaches optimum at a point on the
isotherm where the curve is very steep, well before the Qm plateau and thus any dilution may
potentially have quite a significant effect upon dispersant adsorption and consequently
particle stability.
5.4.3 UV/vis attenuation and particle size
Particle size analysis by Brookhaven X-ray disc centrifuge determined a geometric mean
particle diameter of 40 nm and 64 nm for stabilised dispersions of uncoated titania and
silica/alumina coated FPT1, respectively (Figure 4.4 and Table 4.1). Not only does the modal
particle diameter of the two particles differ, the presence of a number of larger particles in the
distribution of FPT1 particles has increased particle size distribution and mean particle
diameter. This is particularly noticeable when cumulative frequency of the particle diameter
is plotted (Figure 4.5). It was found that there was an appreciable amount of material greater
than 1 µm.
The spectra acquired experimentally under optimum conditions can be compared with spectra
calculated from Mie theory, assuming log-normal particle size distribution with a standard
deviation of 1.33 for particles of diameter 100 nm, 50 nm, and 20 nm (Robb et al, 1994), as
described in section 2.8.3 (Figure 5.107). It was found that the spectrum for the 45 nm titania
dispersion in decalin agreed well with the theoretical curve for 50 nm, although the slightly
smaller mean diameter and the low modal diameter than that assumed theoretically has
resulted in a shift in maximum attenuation to lower wavelength with increased magnitude of
attenuation. The optimised 63 nm FPT1 dispersion in alkylbenzoate displayed lower UVB
attenuation and increased attenuation through the UVA region and into the visible of the
spectrum. The FPT1 curve, with 1max at low wavelength and good visible transparency
suggest a small particle size and compares well with the theoretical curve for 50 nm spheres.
The mean particle diameter of this material is greatly influenced by the tail of large particles
in the distribution. There are still a lot of small particles present which will attenuate at low
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1, meaning that the presence of the large particles have had less of an effect upon overall
attenuation.
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Figure 5.107 Total UV/vis attenuation as a function of incident radiation wavelength for
mean titania particle diameters of 100 nm (-----), 50 nm (---- ---) and 20 nm (- - -) calculated
from Mie theory (equation 2.42). Comparison with experimental spectra for 45 nm titania in
decalin (—) and 63 nm FPT1 in alkylbenzoate (—).
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6. Conclusions
The main objectives of this study were to determine how the molecular weight of the
particular surfactants under investigation affected dispersion stability in the different solvent
environments and how an understanding of these effects could enable the optimisation of
dispersions for formulations based on nanoparticulate TiO2. It was found that both dispersion
stability and dispersion rheology depended upon the amount of surfactant adsorbed  at the
particle surface and the thickness  of the stabilising layer. In addition, the strength of
adsorption s must be considered. These factors are in turn dependent upon surfactant
molecular weight Mw and relative solvency  in the dispersion medium. An integrated
approach using a variety of characterisation techniques was necessary to fully evaluate
dispersion stability.
For dispersions in decalin and mesitylene, the adsorbed amount was determined by GPC
analysis of the equilibrium concentration of a suspension following centrifugation of the
sample. The results showed that low molecular weight oligomers were adsorbed
preferentially at the surface, although the presence of some low Mw oligomers in the
equilibrium indicated that adsorbed molecules included the full range of molecular weights
available. It appeared that not all of the larger molecules were displaced by their smaller
counterparts, perhaps due to effectively irreversible adsorption of some of the molecules.
Attempts to remove molecules from the surface by dilution and by displacement with
monomeric isostearic acid molecules met with partial success. Desorption occurred with
dilution, but the partition of adsorbed and unadsorbed molecules was very different to that
observed during an adsorption isotherm experiment. The addition of ISA caused desorption
of high Mw molecules from the surface, but complete displacement was not observed, with a
proportion of the monomeric molecules remaining unadsorbed.
Adsorbed amount of dispersant for the suspensions prepared in the higher molecular weight
alkylbenzoate and squalane was determined by acid value titration of the equilibrium solution.
The GPC technique was unsuitable in this case due to interference of the solvent molecules
with the monomeric component in the elution profile of the dispersant. The polydispersity of
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the oligomeric dispersants and the preferential adsorption of low molecular weight
components meant that the titrimetric technique overestimated adsorbed amount as average
molecular weight was used when calculating equilibrium concentration. However, adsorption
affinity could be compared for the different solvents using this technique.
Isotherms showed Langmuir-like adsorption. Removal of the acid functionality of the
dispersants by methanolysis indicated that adsorption is primarily through interaction of the
acid end-group with hydroxyl groups present at the surface. However, some adsorption was
still observed, indicating that this is not the only adsorption mechanism.
Comparison of the adsorption isotherms for each of the dispersants in each of the solvents
investigated, using titrimetric values for squalane, mesitylene and alkylbenzoate and GPC
values for mesitylene and decalin revealed that the adsorption affinity followed the order
squalane>decalin>mesitylene>alkylbenzoate. Solubility parameters relative to the dispersants
calculated for these solvents followed the order alkylbenzoate>mesitylene>decalin>squalane:
adsorption affinity was greatest for the poorest solvent and lowest for the better solvent.
Comparison of the adsorption isotherm results with rheological measurements of milled
dispersions in the various solvent systems provided insight into how solvent properties can
affect the conformation of dispersant molecules at the particle surface. Application of the
semi-empirical Krieger-Dougherty model to dispersions of increasing solids volume fraction
revealed  provided to the particle by a dispersant was found to increase with increasing
solubility in the solvent. This is due to improved solvation of the stabilising chains resulting
in extension into the solvent. However, when relative solubility fell as low as squalane, the
dispersant molecules were packed so densely at the interface that  increased again,
increasing the excluded volume around the particle and limiting solids load.
The optimum concentrations with regards to minimum viscosity through reduction in the
elastic modulus of the dispersions were found to be lower than the surface saturation
concentration observed in the adsorption isotherm experiments. The effect upon effective
volume fraction eff of the different molecular weight dispersants at optimum concentration
was investigated using the Krieger-Dougherty method. Dispersant molecular weight
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inevitably affected  and hence max, with isostearic acid allowing the highest loading of
uncoated titania and PHS 3500 the lowest. A similar trend was observed for the larger FPT1
particles, except that ISA failed to provide adequate stability to the dispersions to allow a high
solids load. The steric potential provided by ISA was insufficient to overcome the attractive
van der Waals forces of these larger particles. Addition of PHS 3500 at a concentration
identified by adsorption isotherm to provide full particle surface coverage resulted in an
extended  that limited max compared to dispersion optimum identified by rheological
measurement.
It was found that it was possible to achieve a solids load in excess of max. Dynamic
measurements allowed for the determination of the point at which  was such that the steric
layers began to interpenetrate due to crowding of the system, exceeding the equivalent hard
sphere max.
The fitting of the experimental results with the Krieger-Dougherty model showed poor
agreement when using [] equal to hard sphere systems (i.e. 2.5). A better fit was achieved
when a higher value for [] was used (uncoated titania = 5; FPT1 = 6) which was appropriate
for dispersions of rod-shaped particles. Poor agreement with the Krieger-Dougherty model
was observed when applied to the dispersion of particles in squalane with the larger PHS 3500
dispersant. The high optimum dispersant load and high surface affinity of this larger
dispersant caused compression of  in this case, even at relatively low .
The Atomic Force Microscope was used to investigate interaction forces by direct
measurement using a spherical titania coated silica particle against a flat rutile titania crystal
sample. Attractive van der Waals forces between particle and surface observed in air were
compared to theory, applying the Derjaguin approximation. Poor agreement of interaction
distance with theory improved when a hydration layer at the surface was assumed. Surface
attraction on approach and the very strong adhesion upon retraction of the surfaces was
greatly reduced when submerged in decalin due to a reduction in the composite Hamaker
constant. Addition of PHS 3500 to the decalin resulted in the onset of repulsive interaction at
an approach distance ~7nm. Some reordering of the adsorbed layer over time was implied
from the change in the interaction profiles when measured after an equilibration period of 1
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hour and after 16 hours. This agrees with adsorption kinetics observed in the adsorption
isotherm work. Repulsion was seen to occur at closer separation when PHS 3500 was
replaced with ISA as adsorbate, although a stable system was still in evidence.
Removal of the lower molecular weight components from the PHS 3500 distribution had no
obvious affect upon repulsive interaction during approach of the surfaces, but upon retraction
there was evidence of bridging effects. It would appear that removal of the smaller molecules
did not allow more of the larger molecules to adsorb in their absence due to their bulky
nature. This resulted in only partial coverage of the surfaces, revealing sites for bridging
interactions to occur when surfaces were forced together, analogous to high  dispersion.
The relationship between titania particle size and UV/vis attenuation was exploited for the
assessment of dispersion quality. Initially poor UV/vis properties (low UV attenuation, high
visible scattering) at low dispersant concentration improved as dispersant concentration
increased towards the optimum as determined by rheological methods. Optimised attenuation
properties were achieved when dispersant concentration was sufficient to reduce particle
interactions adequately for discrete particles to be formed. Comparison with dispersant
demand rheology would suggest that it is not necessary to eliminate attractive interactions to
achieve this. UV/vis spectra of optimised dispersions were found to agree well with
theoretical curves calculated from Mie theory for spherical titania particles. Particle size
distribution is important in UV/vis measurement.
Using the above techniques to characterise dispersion properties, the following stability
regions were identified:
1. At low dispersant concentration (or in the absence of dispersing aid) it may be
possible to achieve a low viscosity, high solids suspension by simple mixing.
However, particle size analysis will reveal that these particles are aggregated. The
advantage of dispersing fine particle titania as used in sunscreens is that UV/vis
attenuation can be used as an indirect method for determining particle size and hence
quality of the dispersion. In this case, light attenuation across the spectrum is poor.
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2. High energy input, supplied by a bead mill, will help break down the aggregates into
their constituent primary particles and an improvement of UV attenuation properties is
observed, along with an increase in viscosity. At insufficient dispersant concentration
(or dispersant stabilising layer thickness ) particles quickly reaggregate by van der
Waals attraction in a more open structure. Viscosity remains high and solids loading
is severely limited.
3. Addition of sufficient dispersant allows the particles to disperse to single particulates
which are well stabilised and the viscosity drops. Full surface coverage may not have
been reached by the time optimum rheological conditions have been achieved. UV
properties are well developed.
4. On addition of further dispersant to particle surface saturation the particles gain an
extended stabilisation layer which may be sufficient to produce a weak repulsive gel.
The viscosity again rises and the dispersion has a measurable yield value. UV
properties are still well developed but the solids loading becomes very limited.
Figure 6.1 Example of dispersant optimisation curve () and adsorption amount
() curve () for particle dispersion.
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Figure 6.2 Example of UV/vis attenuation curves at different points along dispersant
optimisation process.
Figure 6.3 Schematic representation of particle behaviour during dispersion optimisation.
In the application of particle dispersions, the addition of other formulation ingredients,
including surface active components and dilution with solvent will place additional pressures
on dispersion stability. It is important, therefore, that the nature of the interaction between
particles, dispersant, emulsifiers and thickeners are considered with regards to competitive
adsorption and interfacial stability if the formulation is to deliver the benefits offered by the
finely divided particles in the dispersion.
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Recommendations to Croda based on the findings of this work
• Polydispersity is very important for the dispersion of particles using these type of
dispersants. There is evidence (AFM) that the removal of low Mw components can
result in instability and even though these dispersants are relatively small, bridging
interactions may occur. The highest adsorption equilibrium values in Appendix II
belong to the PHS 1400 oligomeric dispersant, possibly due to the balance of
molecular weights available for adsorption.
• The layer thickness employed for the stabilisation of particles should be optimum for
the dispersion system. Small particles require small dispersants. It was found that  ~
1.5 nm was sufficient to produce a stable dispersion of 20 nm radius particles, but that
this was insufficient for the larger 32 nm radius particles. Optimisation will reduce the
risk of batch-to-batch variability of dispersion properties due to the variability of
industrial raw materials.
• An important consideration in industrial applications such as personal care is the
presence of emulsifiers in mixed systems. In these cases there may be interaction of
the dispersed system with other components which may have the ability to desorb and
displace the dispersant if adsorption is reversible. This may introduce instability into
the system and result in a deterioration in formulation properties which rely upon the
presence of dispersed descrete particles.
• The employment of a combination of techniques is required in the characterisation of
dispersions to avoid making assumptions based upon limited (and insufficient) data.
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Appendix I
Table A Group contributions for molar volumes and Hansen parameters compiled by
Beerbower (adapted from Barton CRC Handbook of Solubility and Other Cohesion
Parameters pp 183 – 184)
Sructural Group
Fd / (J.cm-
3)1/2.mol-1 
Fp / (J.cm-
3)1/2.mol-1 V / cm3.mol-1 Uh / J.mol-1 
-CH3 419 0 31.70 0
-CH2- 270 0 16.60 0
>CH- 80 0 -1.00 0
>C< -70 0 -19.20 0
=CH2 403 94 32.10 0
=CH- 223 70 12.40 0
=C< 45 70 -5.70 0
-Phe 1499 121 75.40 0
-Phe (o,m,p) 1319 133 60.40 0
5 or 6 member ring 190 0 13.50
-F 221 542 18.00 0
-Cl 419 614 25.30 400
-Cl arom 329 550 24.00 400
-Br 1080 614 29.00 2100
-Br arom 550 401 30.00 2100
-CN 430 1101 22.40 2100
-OH 211 499 10.47 19500
-O- ether 235 409 3.60 4800
-O- arom 100 401 3.80 5200
-CO- cétone 291 769 10.50 3300
-COOH 530 419 27.83 11500
-COO- ester 667 511 8.20 5200
-(CO)2O anhydride 675 1105 30.00
-CONH- 516 1270 16.80
>NCO 301 1229 13.20
-NH2 (Hansen) 370 419 17.93 5600
-NH2 amide 669 1023 25.10
-NH- aliph. or arom. 160 211 4.50 3100
-N= 164 1323 4.00
-N< aliph. or arom. 31 149 -9.00 5000
-NO2 aliph or arom 499 1070 24.00 1700
-S- 454 362 8.00
-PO4- 741 1000 28.00 13000
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Appendix II
Table B Langmuir isotherm values and correlation coefficients for the adsorption of
dispersants on to uncoated titania and silica/alumina coated titania (FPT1) in the various
solvents studied.
Particle Solvent Dispersant
Measurement
technique
Qm K R2
Titania Decalin
ISA GPC 0.961 21.7 0.9992
PHS 1400 GPC 1.339 49.2 0.9982
PHS 3500 GPC 1.751 2.23 0.9998
Mesitylene
ISA GPC 0.897 6.54 0.9996
PHS 1400 GPC 1.099 94.2 0.9984
PHS 3500 GPC 1.366 0.903 0.9998
FPT1 Alkylbenzoate
ISA AV 1.115 1.75 0.9993
PHS 1400 AV 1.363 0.210 0.9901
PHS 3500 AV 1.226 0.278 0.9876
Squalane
ISA AV 1.412 9.90 1.0000
PHS 1400 AV 2.456 1.30 0.9920
PHS 3500 AV 2.729 4.18 0.9980
Mesitylene
ISA AV 1.252 1.25 0.9998
PHS 1400 AV 1.802 0.542 0.9992
PHS 3500 AV 2.581 0.213 0.9957
ISA GPC 1.255 0.638 0.9989
PHS 1400 GPC 1.183 15.7 0.9981
PHS 3500 GPC 1.339 1.05 0.9988
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Appendix III
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Figure A Example of amplitude sweep at 1 Hz identifying the linear region of the
moduli: storage (G’; closed symbols) and loss (G’’; open symbols).
Appendix IV
Smoluchowski Equation:

µ
3 E=
where µE is the electrophoretic mobility, 
 is the electric permitivity of the liquid and  is the
viscosity.
LVR
G
’
G
’’
Pa
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